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●  ♥❞❡  ❜❡   ❡✐❣❡♥ ❬❞❛ ❢❪✏✳
❆✉❝❤ ③✇❡✐ ❏❛❤ ❡ ♥❛❝❤ ❞❡  ❱❡ ❛❜ ❝❤✐❡❞✉♥❣ ❞❡  ❱♦   ❆●  ❝❤❡✐♥  ❥❡❞♦❝❤ ♥♦❝❤ ❦❡✐♥❡
✶ ✈❣❧✳ ❱♦   ❆● ✈♦♠ ✸✶✳✼✳✷✵✵✾✱ ❇●❇❧✳ ■ ✈✳ ✹✳✽✳✷✵✵✾✱ ❙✳ ✷✺✵✾✳
✷ ✈❣❧✳ ❘●❇❧✳ ✶✾✸✼ ■✱ ❙✳ ✶✵✼✱ ✶✷✶✳
✷❱❡  ♥❞❡ ✉♥❣ ❞❡  ❙✐ ✉❛ ✐♦♥ ❡✐♥❣❡  ❡ ❡♥ ③✉  ❡✐♥✳ ◆❛❝❤ ❡✐♥❡  ❙ ✉❞✐❡ ❞❡   ❡  ♦♥❛❧❜❡ ❛✲
 ✉♥❣ ▲❆❇ ✫ ❈♦♠♣❛♥②✱ ❜❡ ✐❝❤ ❡ ❡♥ ✐♥ ❞❡  ❋✐♥❛♥❝✐❛❧ ❚✐♠❡  ❉❡✉  ❝❤❧❛♥❞ ❛♠ ✸✶✳ ▼❛✐
✷✵✶✶✱ ✒✹✻   ♦③❡♥  ❞❡  ✺✵✹ ▼❛♥❛❣❡ ✱ ❞✐❡ ❜❡❢ ❛❣  ✇✉ ❞❡♥✱ ❬✳✳✳❪ ✈♦♥ ❣❡  ✐❡❣❡♥❡♥ ❇♦✲
♥✉ ③❛❤❧✉♥❣❡♥✏ ✭✈❣❧✳ ▲❆❇✱ ✷✵✶✶✮✳ ❇❡ ♦♥❞❡   ❤❡ ✈♦ ③✉❤❡❜❡♥ ✐   ❤✐❡  ❞✐❡ ✐♠ ❱❡ ❣❧❡✐❝❤
③✉♠ ❱♦ ❥❛❤  ③✉♥❡❤♠❡♥❞❡ ❊✐♥❦♦♠♠❡♥  ♣ ❡✐③✉♥❣✿ ✒❇❡ ♦♥❞❡   ❙♣✐ ③❡♥✈❡ ❞✐❡♥❡  ♠✐ 
❏❛❤ ❡ ❡✐♥❦♦♠♠❡♥  ❜❡  ✷✵✵✳✵✵✵ ❊✉ ♦ ❞✉ ❢ ❡♥  ✐❝❤  ❜❡  ❡✐♥  ❧✉  ❢ ❡✉❡♥ ✲ ♠❡❤  ❛❧  ❞✐❡
❍ ❧❢ ❡ ❡ ❤✐❡❧ ❡♥ ❤ ❤❡ ❡ ❇♦♥✐✳ ■♥ ❞❡♥ ❊✐♥❦♦♠♠❡♥ ❦❧❛  ❡♥ ❞❛ ✉♥ ❡  ✇❛  ❡  ♥✉  ❥❡❞❡ 
❉ ✐  ❡✏ ✭✈❣❧✳ ❍❛❛❣✱ ✷✵✶✶✱ ❙✳ ✼✮✳ ■❝❤ ❢ ❛❣❡ ✐♠ ❋♦❧❣❡♥❞❡♥ ❞❛❤❡ ✱ ✇✐❡ ❡    ♦ ③ ❞❡  ♦✛❡♥✲
 ✐❝❤ ❧✐❝❤❡♥ ❩✐❡❧ ❡ ③✉♥❣ ❞❡  ●❡ ❡ ③❣❡❜❡   ③✉ ❡✐♥❡   ♦❧❝❤❡♥ ❣❡❣❡♥✇   ✐❣❡♥ ❊♥ ✇✐❝❦❧✉♥❣
❦♦♠♠❡♥ ❦❛♥♥✳
■♥ ❞❡  ✈♦ ❧✐❡❣❡♥❞❡♥ ❆ ❜❡✐  ✇✐ ❞ ❛♥❤❛♥❞ ❞❡  ❚✉ ♥✐❡  ❤❡♦ ✐❡ ❡✐♥❡ ♠♦❞❡❧❧ ❤❡♦ ❡ ✐✲
 ❝❤❡ ❯♥ ❡  ✉❝❤✉♥❣ ❞❡  ❞✉ ❝❤ ❞❛  ❱♦   ❆● ✈❡  ❝❤  ❢ ❡♥ ❍❡ ❛❜ ❡ ③✉♥❣ ♠ ❣❧✐❝❤❦❡✐ 
✈♦♥ ❱♦   ❛♥❞ ❜❡③ ❣❡♥ ✈♦ ❣❡♥♦♠♠❡♥✳ ✸ ■♥  ✉ ♥✐❡  ❤❡♦ ❡ ✐ ❝❤❡♥ ▼♦❞❡❧❧❡♥   ❡ ❡♥ ③✇❡✐
❆ ❜❡✐ ♥❡❤♠❡  ✐♥ ❡✐♥❡♠ ❚✉ ♥✐❡  ❣❡❣❡♥❡✐♥❛♥❞❡  ❛♥✳ ❉✐❡ ❜❡✐❞❡♥ ❆ ❜❡✐ ♥❡❤♠❡  ❦♦♥❦✉ ✲
 ✐❡ ❡♥ ✉♠ ❡✐♥❡♥ ❚✉ ♥✐❡ ♣ ❡✐ ✱ ❞❡  ③✉ ❇❡❣✐♥♥ ❞❡  ❚✉ ♥✐❡   ❜❡❦❛♥♥  ✐  ✳ ❉❡  ❚✉ ♥✐❡ ✲
♣ ❡✐  ✐   ✉♥❛❜❤ ♥❣✐❣ ✈♦♥ ❞❡  ▲❡✐  ✉♥❣ ❞❡  ❚✉ ♥✐❡  ❡✐❧♥❡❤♠❡ ✳ ❉❡  ●❡✇✐♥♥❡  ❞❡  ❚✉ ✲
♥✐❡   ✇✐ ❞ ♥✐❝❤  ♥❛❝❤ ❞❡  ❛❜ ♦❧✉ ❡♥✱  ♦♥❞❡ ♥ ♥❛❝❤ ❞❡   ❡❧❛ ✐✈❡♥ ▲❡✐  ✉♥❣ ❡ ♠✐  ❡❧ ✳
◆❛❝❤ ❞❡  ❚✉ ♥✐❡  ❤❡♦ ✐❡ ✐   ❡✐♥❡ ❤ ❤❡ ❡ ▼♦ ✐✈❛ ✐♦♥ ❞❡  ❆ ❜❡✐ ♥❡❤♠❡  ❜❡✐ ❣   ❡ ❡♥
❚✉ ♥✐❡ ♣ ❡✐ ❞✐✛❡ ❡♥③❡♥ ③✉ ❡ ✇❛  ❡♥✳ ❊✐♥❡ ❘❡❞✉❦ ✐♦♥ ❞❡  ❊✐♥❦♦♠♠❡♥ ❞✐✛❡ ❡♥③ ❧    
♥❛❝❤ ❞❡  ❚✉ ♥✐❡  ❤❡♦ ✐❡ ❡✐♥❡♥  ✐♥❦❡♥❞❡♥ ❆ ❜❡✐  ❡✐♥ ❛ ③ ❡ ✇❛  ❡♥✳
❉❛  ❤✐❡  ❡♥ ✇✐❝❦❡❧ ❡ ❚✉ ♥✐❡ ♠♦❞❡❧❧ ❧     ❞✉ ❝❤ ❞✐❡ ❊①✐  ❡♥③ ❡✐♥❡  ❍❡ ❛❜ ❡ ③✉♥❣ ✲
♠ ❣❧✐❝❤❦❡✐  ❡✐♥❡ ❘❡❞✉❦ ✐♦♥ ❞❡  ❆ ❜❡✐  ❡✐♥ ❛ ③❡  ❞❡  ❱♦    ♥❞❡ ❡ ✇❛  ❡♥✳
❩✉♥ ❝❤   ✇✐ ❞ ❡✐♥  ❜❡ ❜❧✐❝❦ ❞❡   ❡❧❡✈❛♥ ❡♥ ▲✐ ❡ ❛ ✉  ③✉  ❚✉ ♥✐❡  ❤❡♦ ✐❡ ❣❡❣❡❜❡♥
✭❆❜ ❝❤♥✐   ✷✮✳ ❉✐❡ ♠♦❞❡❧❧ ❤❡♦ ❡ ✐ ❝❤❡ ❍❡ ❧❡✐ ✉♥❣ ❞❡  ❊✛❡❦ ❡ ❡✐♥❡  ❍❡ ❛❜ ❡ ③✉♥❣ ✲
♠ ❣❧✐❝❤❦❡✐  ❞❡  ❱♦   ❛♥❞ ❜❡③ ❣❡ ✐   ❞❡  ③❡♥  ❛❧❡ ❚❡✐❧ ❞✐❡ ❡  ❇❡✐  ❛❣ ✳ ❍✐❡ ③✉ ✇✐ ❞
❡✐♥ ▼♦❞❡❧❧ ❞❡  ❚✉ ♥✐❡  ❤❡♦ ✐❡ ❡♥ ✇✐❝❦❡❧  ✭❆❜ ❝❤♥✐   ✸✮✳ ❉✐❡ ❊ ❣❡❜♥✐  ❡ ❞❡  ▼♦❞❡❧❧ 
✇❡ ❞❡♥ ✐♥ ❆❜ ❝❤♥✐   ✹ ❜❡  ❛❝❤ ❡ ✳ ❉✐❡ ❆ ❜❡✐   ❝❤❧✐❡   ♠✐  ❡✐♥❡♠ ❆✉ ❜❧✐❝❦ ③✉  ❋♦ ✲
 ❝❤✉♥❣ ✉♥❞   ❛①✐  ❞❡  ❱♦   ❛♥❞ ✈❡ ❣  ✉♥❣ ✐♥ ❆❜ ❝❤♥✐   ✺✳
✸ ❆♥❞❡ ❡ ➘♥❞❡ ✉♥❣❡♥ ❞❡  ❱♦   ❆●✱ ✇✐❡ ❜❡✐ ♣✐❡❧ ✇❡✐ ❡ ❞❡  ❆♥❣❡♠❡  ❡♥❤❡✐  ❣ ✉♥❞ ❛ ③✱ ✇❡ ❞❡♥
♥✉  ✉♥ ❡  ✉❝❤ ✱  ♦✇❡✐  ❞✐❡ ❘❡❣❡❧✉♥❣❡♥ ✐♥ ❩✉ ❛♠♠❡♥❤❛♥❣ ♠✐  ❞❡  ❍❡ ❛❜ ❡ ③✉♥❣ ♠ ❣❧✐❝❤❦❡✐ 
  ❡❤❡♥✳
✸✷ ❆♥   ③❡ ③✉  ❍❡ ❛❜ ❡ ③✉♥❣ ♠ ❣❧✐❝❤❦❡✐ 
✷✳✶ ❚❤❡♦ ❡ ✐ ❝❤❡ ● ✉♥❞❧❛❣❡♥
❉❛   ❤❡♦ ❡ ✐ ❝❤❡ ❋✉♥❞❛♠❡♥  ❞❡  ❚✉ ♥✐❡  ❤❡♦ ✐❡ ❜✐❧❞❡  ❞❛  ▼♦❞❡❧❧ ✈♦♥ ▲❛③❡❛  ✉♥❞
❘♦ ❡♥ ✭✶✾✽✶✮✳ ❉✐❡ ❡♥  ❝❤❡✐❞❡♥❞❡ ❆✉  ❛❣❡ ❞❡  ▼♦❞❡❧❧  ✐   ❞✐❡ ♠♦ ✐✈✐❡ ❡♥❞❡ ❲✐ ✲
❦✉♥❣ ✈♦♥ ❊✐♥❦♦♠♠❡♥ ❞✐✛❡ ❡♥③❡♥✳ ❉❡♠♥❛❝❤ ✐   ♥✐❝❤  ❛❧❧❡✐♥ ❞✐❡ ❍ ❤❡ ❡✐♥❡  ❊✐♥❦♦♠✲
♠❡♥  ❡♥  ❝❤❡✐❞❡♥❞ ❢   ❞✐❡  ❡ ✉❧ ✐❡ ❡♥❞❡ ▼♦ ✐✈❛ ✐♦♥✱  ♦♥❞❡ ♥ ❞✐❡ ❉✐✛❡ ❡♥③ ③✇✐ ❝❤❡♥
❱❡ ❧✐❡ ❡ ✲ ✉♥❞ ●❡✇✐♥♥❡ ♣ ❡✐  ✐♥ ❡✐♥❡♠ ❚✉ ♥✐❡ ✳ ▼✐  ❞✐❡ ❡  ❆✉  ❛❣❡ ❜✐❡ ❡♥ ▲❛③❡❛ 
✉♥❞ ❘♦ ❡♥ ❡✐♥❡  ❤❡♦ ❡ ✐ ❝❤❡ ❇❡❣  ♥❞✉♥❣ ❢   ❡✐♥❡ ❤♦❤❡ ❱♦   ❛♥❞ ✈❡ ❣  ✉♥❣ ✉♥❞
❡✐♥❡ ❣ ♦ ❡ ❊✐♥❦♦♠♠❡♥ ❞✐✛❡ ❡♥③ ③✇✐ ❝❤❡♥ ❞❡♥ ❍✐❡ ❛ ❝❤✐❡❡❜❡♥❡♥✳
❖✬❑❡❡✛❡ ❡  ❛❧✳ ✭✶✾✽✹✮ ✉♥❞ ❘♦ ❡♥ ✭✶✾✽✽✮ ❡ ✇❡✐ ❡ ♥ ❞❛  ▼♦❞❡❧❧ ✈♦♥ ▲❛③❡❛  ✉♥❞ ❘♦✲
 ❡♥ ✭✶✾✽✶✮ ✉♠ ❤❡ ❡ ♦❣❡♥❡ ❚❡✐❧♥❡❤♠❡ ✳ ❯♠ ❡✣③✐❡♥ ❡ ❲❡  ❜❡✇❡ ❜❡ ③✉ ❢  ❞❡ ♥✱  ♦❧❧ ❡♥
❲❡  ❜❡✇❡ ❜❡ ♠✐  ③✉ ✉♥ ❡  ❝❤✐❡❞❧✐❝❤❡♥ ❚❡✐❧♥❡❤♠❡ ♥ ✈❡ ♠✐❡❞❡♥ ✇❡ ❞❡♥ ✭✈❣❧✳ ❖✬❑❡❡✛❡
❡  ❛❧✳✱ ✶✾✽✹✱ ❙✳ ✸✾ ✛✳✮✳ ❊✐♥❡ ▼ ❣❧✐❝❤❦❡✐    ❡❧❧❡♥ ❞✐❡  ♦❣❡♥❛♥♥ ❡♥ ❆✉  ❝❤❡✐❞✉♥❣  ✉ ✲
♥✐❡ ❡ ❞❛ ✱ ✐♥ ❞❡♥❡♥ ❞✐❡ ❆ ❜❡✐ ♥❡❤♠❡  ✐♥ ♠❡❤ ❡ ❡♥ ❛✉❢❡✐♥❛♥❞❡ ❢♦❧❣❡♥❞❡♥ ❚✉ ♥✐❡ ❡♥
♣❛❛ ✇❡✐ ❡ ❣❡❣❡♥❡✐♥❛♥❞❡  ❛♥  ❡ ❡♥ ✭✈❣❧✳ ❘♦ ❡♥✱ ✶✾✽✻✮✳ ❉❛  ✉❛❧✐✜③✐❡  ❡ ❡ ❆ ❜❡✐ ♥❡❤✲
♠❡  ❡✐♥❡ ❤ ❤❡ ❡ ●❡✇✐♥♥✇❛❤  ❝❤❡✐♥❧✐❝❤❦❡✐  ❛✉❢✇❡✐ ❡♥✱ ✇❡ ❞❡♥  ✐❡  ✐❝❤ ❛✉❝❤ ❤ ✉✜❣❡ 
❞✉ ❝❤ ❡ ③❡♥ ✉♥❞ ✐♥ ❞❡  ❍✐❡ ❛ ❝❤✐❡ ❜❡❢  ❞❡   ✇❡ ❞❡♥✳ ▼✐  ❡✐♥❡  ③✉♥❡❤♠❡♥❞❡♥ ❆♥③❛❤❧
❛♥ ❞✉ ❝❤❧❛✉❢❡♥❡♥ ❚✉ ♥✐❡ ❡♥   ❡✐❣   ♦ ❞❡  ❆♥ ❡✐❧ ❛♥  ✉❛❧✐✜③✐❡  ❡♥ ❲❡  ❜❡✇❡ ❜❡ ♥ ❛✉❢
❤ ❤❡ ❡♥ ❍✐❡ ❛ ❝❤✐❡  ✉❢❡♥✳
❊✐♥ ❱♦  ❡✐❧ ❞❡  ❚✉ ♥✐❡  ❤❡♦ ✐❡✱ ✐  ✱ ❞❛   ▲❡✐  ✉♥❣ ✉♥ ❡  ❝❤✐❡❞❡ ❛✉  ❝❤❧✐❡ ❧✐❝❤ ♦ ✲
❞✐♥❛❧ ❣❡♠❡  ❡♥ ✇❡ ❞❡♥✳ ◆✐❝❤  ❞✐❡ ❛❜ ♦❧✉ ❡ ▲❡✐  ✉♥❣ ✐   ❡♥  ❝❤❡✐❞❡♥❞✱  ♦♥❞❡ ♥ ❛✉ ✲
 ❝❤❧✐❡ ❧✐❝❤ ❞✐❡ ▲❡✐  ✉♥❣  ❡❧❛ ✐✈ ③✉ ❞❡♥ ▼✐ ❜❡✇❡ ❜❡ ♥✳ ❉❛  ❡ ❧❡✐❝❤ ❡   ❞✐❡ ❆✉ ✇❛❤❧
❣❡❡✐❣♥❡ ❡  ❑❛♥❞✐❞❛ ❡♥✱ ❢   ❡✐♥❡♥  ♦  ❡♥ ❛❧  ❱♦   ❛♥❞ ♠✐ ❣❧✐❡❞✱ ❞❛ ❞✐❡  ❛   ❝❤❧✐❝❤❡
▲❡✐  ✉♥❣ ♠❡✐   ♥✉   ❝❤✇❡  ③✉ ❜❡✉  ❡✐❧❡♥ ✐  ✱ ♥❛❝❤ ❞❡  ❚✉ ♥✐❡  ❤❡♦ ✐❡ ❛❜❡  ♥✉  ❡✐♥❡
❡✐♥❢❛❝❤❡ ❡  ❡❧❛ ✐✈❡ ❘❡✐❤✉♥❣ ❞❡  ❑❛♥❞✐❞❛ ❡♥ ✈♦ ❣❡♥♦♠♠❡♥ ✇✐ ❞✳ ❉❡  ❊✐♥✢✉   ❡✐♥❡ 
❱♦   ❛♥❞  ❛✉❢ ❞❡♥ ❊ ❢♦❧❣ ❡✐♥❡  ❯♥ ❡ ♥❡❤♠❡♥ ✱ ❛❧ ♦  ❡✐♥❡ ▲❡✐  ✉♥❣✱ ❦❛♥♥ ❦❛✉♠ ❣❡✲
♥❛✉ ❜❡  ✐♠♠  ✇❡ ❞❡♥✳ ▼✐  ❍✐❧❢❡ ✈♦♥ ▲❡✐  ✉♥❣  ✉ ♥✐❡ ❡♥ ♥❛❝❤ ❞❡  ❚✉ ♥✐❡  ❤❡♦ ✐❡
❦ ♥♥❡♥  ♣  ❡ ❡ ❱♦   ❛♥❞ ✈♦  ✐ ③❡♥❞❡ ✐❤ ❡ ▲❡✐  ✉♥❣ ❢ ❤✐❣❦❡✐  ✉♥ ❡  ❇❡✇❡✐    ❡❧❧❡♥✱
✐♥❞❡♠  ✐❡  ✐❝❤ ❣❡❣❡♥ ✐❤ ❡ ▼✐ ❜❡✇❡ ❜❡  ❞✉ ❝❤ ❡ ③❡♥✳ ❊✐♥ ✇❡✐ ❡ ❡  ❱♦  ❡✐❧ ❞❡   ❡❧❛ ✐✲
✈❡♥ ❇❡✉  ❡✐❧✉♥❣ ❞❡  ❚✉ ♥✐❡  ❡✐❧♥❡❤♠❡  ✐   ❞✐❡ ❊❧✐♠✐♥✐❡ ✉♥❣ ❞❡  ❯♥ ✐❝❤❡ ❤❡✐  ❞✉ ❝❤
❇❡✉  ❡✐❧✉♥❣ ❢❡❤❧❡ ✳ ❉❛  ✐❡ ❛✉❢ ❛❧❧❡ ❚❡✐❧♥❡❤♠❡  ❣❧❡✐❝❤ ✇✐ ❦❡♥✱  ♥❞❡    ✐❝❤ ❞✐❡ ❘❡✐❤✉♥❣
❞✉ ❝❤  ♦❧❝❤❡ ❡① ❡ ♥❡♥ ❙❝❤♦❝❦  ♥✐❝❤ ✳ ● ❡❡♥ ✉♥❞ ❙ ♦❦❡② ✭✶✾✽✸✮ ③❡✐❣❡♥ ✐♥ ✐❤ ❡♠ ▼♦✲
✹❞❡❧❧✱ ❞❛   ❞✐❡ ❊♥ ❧♦❤♥✉♥❣ ♥❛❝❤ ❞❡  ❚✉ ♥✐❡  ❤❡♦ ✐❡ ❜❡✐ ❱♦ ❤❛♥❞❡♥ ❡✐♥ ✈♦♥ ❙❝❤♦❝❦ 
❛♥❞❡ ❡♥ ❊♥ ❧♦❤♥✉♥❣ ❢♦ ♠❡♥  ❜❡ ❧❡❣❡♥  ❡✐♥ ❦❛♥♥✳ ❊① ❡ ♥❡ ❙❝❤♦❝❦  ✇❡ ❞❡♥ ❣❡✇✐  ❡♥✲
♠❛ ❡♥ ❣❡✜❧ ❡  ✳ ❙✐❡  ✐♥❞ ♥✐❝❤  ❡♥  ❝❤❡✐❞❡♥❞ ❢   ❞❡♥ ❆✉ ❣❛♥❣ ❡✐♥❡  ❲❡  ❜❡✇❡ ❜ ✳
■♥ ❞❡✉  ❝❤❡♥ ❯♥ ❡ ♥❡❤♠❡♥ ✇❡ ❞❡♥ ❙♣✐ ③❡♥❢ ❤ ✉♥❣ ♣♦ ✐ ✐♦♥❡♥ ♠❡✐   ✐♥ ❡ ♥ ❜❡ ❡ ③ 
✭✈❣❧✳ ❩✐♠♠❡ ♠❛♥♥✱ ✷✵✶✵✱ ❙✳ ✶✻✷✮✳ ❉✐❡  ❡ ❧❡✐❝❤ ❡   ❞✐❡ ❆♥✇❡♥❞✉♥❣ ❞❡  ❚✉ ♥✐❡  ❤❡♦✲
 ✐❡✱ ❞❛ ❞✐❡ ❚❡✐❧♥❡❤♠❡  ❛♥ ❡✐♥❡♠ ❚✉ ♥✐❡  ❧❡✐❝❤ ❡  ✐❞❡♥ ✐✜③✐❡   ✇❡ ❞❡♥ ❦ ♥♥❡♥✳ ❩✉❞❡♠
✐   ❞✐❡ ❉✐✛❡ ❡♥③ ❞❡  ❱❡ ❣  ✉♥❣ ③✇✐ ❝❤❡♥ ❡✐♥❡♠ ❱♦   ❛♥❞ ✈♦  ✐ ③❡♥❞❡♥ ✉♥❞ ❞❡♥   ❡❧❧✲
✈❡   ❡ ❡♥❞❡♥ ❱♦   ❛♥❞ ✈♦  ✐ ③❡♥❞❡♥ ✐♠ ❣❧❡✐❝❤❡♥ ❯♥ ❡ ♥❡❤♠❡♥ ♠❡✐    ❡❤  ❣ ♦  ✭✈❣❧✳
●❡ ✉♠✱ ✷✵✵✼✱ ❙✳ ✶✹✺✮✳ ❆❜ ❞❡♠ ❚❛❣✱ ❛♥ ❞❡♠ ❡✐♥ ❙ ❡❧❧✈❡   ❡ ❡  ③✉♠ ❱♦   ❛♥❞ ✈♦ ✲
 ✐ ③❡♥❞❡♥ ❜❡❢  ❞❡   ✇✐ ❞✱ ❡ ❤ ❧  ❡  ❡✐♥ ❱✐❡❧❢❛❝❤❡   ❡✐♥❡  ❜✐ ❤❡ ✐❣❡♥ ●❡❤❛❧ ❡ ✳ ❲❡♥♥
 ❡✐♥ ●❡❤❛❧  ❡ ✇❛ ✈❡ ❞ ❡✐❢❛❝❤  ✇✐ ❞✱ ❦❛♥♥ ✐♠ ●❡❣❡♥③✉❣ ♥❛   ❧✐❝❤ ♥✐❝❤  ❜❡❤❛✉♣ ❡ 
✇❡ ❞❡♥✱ ❞❛    ✐❝❤  ❡✐♥❡ ❋ ❤✐❣❦❡✐ ❡♥ ✐♥♥❡ ❤❛❧❜ ❡✐♥❡  ❚❛❣❡  ✈❡ ❞ ❡✐❢❛❝❤  ❤   ❡♥✳ ❊✐♥❡
■♥ ❡ ♣ ❡ ❛ ✐♦♥ ❛♥❤❛♥❞ ❞❡  ❊♥ ❧♦❤♥✉♥❣ ♥❛❝❤ ● ❡♥③♣ ♦❞✉❦  ✐   ✐♥ ❞✐❡ ❡♠ ❋❛❧❧ ♥✐❝❤ 
♠ ❣❧✐❝❤✳ ▼✐  ❍✐❧❢❡ ❞❡  ❚✉ ♥✐❡  ❤❡♦ ✐❡ ❦❛♥♥ ❞✐❡ ❡  ❯♥ ❡  ❝❤✐❡❞ ❥❡❞♦❝❤ ❡ ❦❧    ✇❡ ✲
❞❡♥✳ ❉✐❡ ❍ ❤❡ ❞❡  ❱♦   ❛♥❞ ✈❡ ❣  ✉♥❣ ✐   ♥❛❝❤ ❞❡  ❚✉ ♥✐❡  ❤❡♦ ✐❡ ♥✐❝❤  ❛❧❧❡✐♥ ✐♥
❞❡  ▲❡✐  ✉♥❣ ❞❡  ❱♦   ❛♥❞ ✈♦  ✐ ③❡♥❞❡♥ ❜❡❣  ♥❞❡ ✱  ♦♥❞❡ ♥ ❛✉❝❤ ✐♥ ❞❡  ▼♦ ✐✈❛ ✐♦♥
❞❡  ❧❡✐ ❡♥❞❡♥ ❆♥❣❡  ❡❧❧ ❡♥ ✐♥ ❞❡♥ ❞❛ ✉♥ ❡  ❧✐❡❣❡♥❞❡♥ ❍✐❡ ❛ ❝❤✐❡❡❜❡♥❡♥✳ ❊✐♥❡ ❤♦❤❡
❱♦   ❛♥❞ ✈❡ ❣  ✉♥❣   ❡❧❧  ❞❛❤❡  ❡✐♥❡♥ ❆♥ ❡✐③ ❞❛   ❜❡  ❞✐❡ ❣❡ ❛♠ ❡ ▲❡❜❡♥ ❛ ❜❡✐  ✲
③❡✐  ❤✐♥✇❡❣✱ ❜✐  ♠❛♥  ❡❧❜   ③✉♠ ❱♦   ❛♥❞ ✈♦  ✐ ③❡♥❞❡♥ ❜❡❢  ❞❡   ✇✐ ❞✱ ♣ ♦❞✉❦ ✐✈ ③✉
❛ ❜❡✐ ❡♥✳
❊ ✐❦  ♦♥ ✭✶✾✾✾✮ ❦♦♥♥ ❡ ❡✐♥❡♥ ❦♦♥✈❡①❡♥ ❱❡ ❧❛✉❢ ❞❡  ●❡❤❛❧     ✉❦ ✉  ✐♥ ❞ ♥✐ ❝❤❡♥
❯♥ ❡ ♥❡❤♠❡♥ ♥❛❝❤✇❡✐ ❡♥ ✉♥❞  ♦ ✐♥❞✐ ❡❦  ❞❛  ❱♦ ❤❛♥❞❡♥ ❡✐♥ ✈♦♥ ❚✉ ♥✐❡ ❡♥ ✐♥ ❞❡♥
✉♥ ❡  ✉❝❤ ❡♥ ❯♥ ❡ ♥❡❤♠❡♥ ♥❛❝❤✇❡✐ ❡♥✳ ❋❡  ❛❧❧ ✭✶✾✾✻✮ ✈❡ ✇❡♥❞❡  ❞✐❡ ❉❛ ❡♥ ✈♦♥ ✶✵✵
❣ ♦ ❡♥ ❛♠❡ ✐❦❛♥✐ ❝❤❡♥ ❆♥✇❛❧  ❦❛♥③❧❡✐❡♥ ❢   ❡✐♥❡ ❙ ✉❞✐❡ ③✉♠ ◆❛❝❤✇❡✐  ❞❡  ▼♦ ✐✈❛ ✐✲
♦♥ ✐♥ ❚✉ ♥✐❡ ❡♥✳   ♦❜❧❡♠❛ ✐ ❝❤ ✐   ❛❧❧❡ ❞✐♥❣ ✱ ❞❛   ❞✐❡ ▼♦ ✐✈❛ ✐♦♥ ✇✐ ❦✉♥❣ ♠❡✐   ♥✉ 
✐♥❞✐ ❡❦  ❜❡❧❡❣  ✇❡ ❞❡♥ ❦♦♥♥ ❡✳ ❊✐♥ ❛♥❞❡ ❡  ❆♥ ❛ ③ ✐   ❞❛❤❡ ✱ ❞✐❡ ▼♦ ✐✈❛ ✐♦♥ ✇✐ ❦✉♥❣
✈♦♥ ❚✉ ♥✐❡ ❡♥ ✐♥ ❇❡ ❡✐❝❤ ❞❡    ♦✜ ♣♦    ③✉ ♠❡  ❡♥✳ ❍✐❡ ③✉ ③ ❤❧❡♥ ❙ ✉❞✐❡♥ ③✉  ❲✐ ✲
❦✉♥❣ ✈♦♥   ❡✐ ❞✐✛❡ ❡♥③❡♥ ✐♠   ♦✜✲●♦❧❢ ♣♦   ✭❊❤ ❡♥❜❡ ❣ ✉♥❞ ❇♦❣♥❛♥♥♦✱ ✶✾✾✵❛✱❜✮✱
✐♥ ❞❡  ❛♠❡ ✐❦❛♥✐ ❝❤❡♥ ❆✉ ♦ ❡♥♥ ❡ ✐❡ ◆❆❙❈❆❘ ✭❇❡❝❦❡  ✉♥❞ ❍✉ ❡❧✐❞✱ ✶✾✾✷✮✱ ❜❡✐ ▼❛✲
 ❛ ❤♦♥❧ ✉❢❡♥ ✭❋ ✐❝❦ ✉♥❞ ❑❧❛❡ ❡♥✱ ✶✾✾✼✮✱  ♦✇✐❡ ❡✐♥❡ ❙ ✉❞✐❡ ③✉  ❋✉ ❜❛❧❧❜✉♥❞❡ ❧✐❣❛
✭❋ ✐❝❦ ❡  ❛❧✳✱ ✷✵✵✽✮✳ ❉✐❡  ✐   ❥❡❞♦❝❤ ❦❡✐♥  ♣❡③✐❡❧❧❡    ♦❜❧❡♠ ❞❡  ❚✉ ♥✐❡  ❤❡♦ ✐❡✱  ♦♥✲
❞❡ ♥ ✈✐❡❧♠❡❤  ❡✐♥❡ ❛❧❧❣❡♠❡✐♥❡ ❙❝❤✇✐❡ ✐❣❦❡✐ ✱ ▼♦ ✐✈❛ ✐♦♥ ③✉ ♠❡  ❡♥✳ ❖❜ ❞❡  ❱❡ ✲
 ✉❝❤✱ ❞✐❡ ▼♦ ✐✈❛ ✐♦♥ ❞✉ ❝❤ ❙♣♦    ✉❞✐❡♥ ③✉ ♠❡  ❡♥✱ ❣❡❡✐❣♥❡  ✐  ✱ ❜❧❡✐❜  ❢ ❛❣❧✐❝❤✳ ❉✐❡
❘❛❤♠❡♥❜❡❞✐♥❣✉♥❣❡♥ ❦ ♥♥❡♥ ✐♥ ❋❡❧❞  ✉❞✐❡♥ ♥✐❝❤  ❦♦♥  ♦❧❧✐❡   ✇❡ ❞❡♥✳ ❊✐♥❡ ❆❧ ❡ ✲
✺♥❛ ✐✈❡   ❡❧❧❡♥ ❡①♣❡ ✐♠❡♥ ❡❧❧❡ ❙ ✉❞✐❡♥ ❞❛ ✱ ❞❛ ✐♥ ▲❛❜♦ ✉♠❣❡❜✉♥❣❡♥ ❡✐♥❡ ❑♦♥  ♦❧❧❡
❞❡  ❘❛❤♠❡♥❜❡❞✐♥❣✉♥❣❡♥ ♠ ❣❧✐❝❤ ✐  ✳ ❍✐❡  ❦♦♥♥ ❡♥ ❞✐❡ ❣ ✉♥❞❧❡❣❡♥❞❡♥ ❆✉  ❛❣❡♥ ❞❡ 
❚✉ ♥✐❡  ❤❡♦ ✐❡  ❡❤  ❣✉  ♥❛❝❤❣❡✇✐❡ ❡♥ ✇❡ ❞❡♥ ✭✈❣❧✳ ❇✉❧❧ ❡  ❛❧✳✱ ✶✾✽✼❀ ❖  ✐ ♦♥ ❡  ❛❧✳✱
✷✵✵✹❀ ❍❛ ❜ ✐♥❣ ✉♥❞ ■ ❧❡♥❜✉ ❝❤✱ ✷✵✵✹✮✳
✷✳✷ ❘❡❝❤ ❧✐❝❤❡  ❘❛❤♠❡♥
❉✐❡ ❍❡ ❛❜ ❡ ③✉♥❣ ♠ ❣❧✐❝❤❦❡✐  ♥❛❝❤ ➓ ✽✼ ❆❜ ✳ ✷ ❆❦ ● ❜❡ ❡❝❤ ✐❣  ❞❡♥ ❆✉❢ ✐❝❤   ❛ 
♥✐❝❤  ❞❛③✉ ❞✐❡ ❱♦   ❛♥❞ ❜❡③ ❣❡ ❜❡❧✐❡❜✐❣ ③✉  ❡❞✉③✐❡ ❡♥✳ ❱✐❡❧♠❡❤  ✐   ❞❡  ❆✉❢ ✐❝❤   ❛ 
✈❡ ♣✢✐❝❤ ❡  ❞✐❡ ❇❡③ ❣❡ ❛✉❢ ❞✐❡ ❛♥❣❡♠❡  ❡♥❡ ❍ ❤❡ ③✉  ❡❞✉③✐❡ ❡♥ ✭✈❣❧✳ ❖❡ ❦❡ ✱ ✷✵✶✶✱
❙✳ ✺✹✶✮✳ ❇❡✈♦  ❞✐❡ ❍❡ ❛❜ ❡ ③✉♥❣ ♠ ❣❧✐❝❤❦❡✐  ♥ ❤❡  ✉♥ ❡  ✉❝❤  ✇❡ ❞❡♥ ❦❛♥♥✱ ♠✉  
❞❛❤❡  ③✉♥ ❝❤   ❞❡  ❆♥❣❡♠❡  ❡♥❤❡✐  ❣ ✉♥❞ ❛ ③ ♥❛❝❤ ➓✽✼ ❆❜ ✳ ✶ ❆❦ ● ❜❡  ❛❝❤ ❡  ✇❡ ✲
❞❡♥✳ ❉✐❡ ❆♥❣❡♠❡  ❡♥❤❡✐  ✇✐ ❞ ♥❛❝❤ ❞❡♠ ❱♦   ❆● ❢♦❧❣❡♥❞❡ ♠❛ ❡♥ ❞❡✜♥✐❡  ✿ ✒❬❞❪❡ 
❆✉❢ ✐❝❤   ❛  ❤❛  ❜❡✐ ❞❡  ❋❡   ❡ ③✉♥❣ ❞❡  ●❡ ❛♠ ❜❡③ ❣❡ ❞❡  ❡✐♥③❡❧♥❡♥ ❱♦   ❛♥❞ ✲
♠✐ ❣❧✐❡❞  ❬✳✳✳❪ ❞❛❢   ③✉  ♦ ❣❡♥✱ ❞❛   ❞✐❡ ❡ ✐♥ ❡✐♥❡♠ ❛♥❣❡♠❡  ❡♥❡♥ ❱❡ ❤ ❧ ♥✐  ③✉ ❞❡♥
❆✉❢❣❛❜❡♥ ✉♥❞ ▲❡✐  ✉♥❣❡♥ ❞❡  ❱♦   ❛♥❞ ♠✐ ❣❧✐❡❞   ♦✇✐❡ ③✉  ▲❛❣❡ ❞❡  ●❡ ❡❧❧ ❝❤❛❢ 
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❲❛   ❜❧✐❝❤ ✐   ✇✐ ❞ ❞✉ ❝❤ ❡✐♥❡♥ ❱❡ ❣❧❡✐❝❤ ♠✐  ❛♥❞❡ ❡♥ ❯♥ ❡ ♥❡❤♠❡♥ ✭❤♦ ✐③♦♥ ❛✲
❧❡  ❱❡ ❣❧❡✐❝❤✮ ✉♥❞ ♠✐  ❞❡  ●❡❤❛❧     ✉❦ ✉  ✐♥♥❡ ❤❛❧❜ ❡✐♥❡  ❯♥ ❡ ♥❡❤♠❡♥  ✭✈❡  ✐❦❛❧❡ 
❱❡ ❣❧❡✐❝❤✮ ❡ ♠✐  ❡❧ ✳ ▼✐  ❞❡♠ ✈❡  ✐❦❛❧❡♥ ❱❡ ❣❧❡✐❝❤ ✐   ❞❛  ❱❡ ❣❧❡✐❝❤❜❛ ❦❡✐  ❞❡  ❱♦ ✲
  ❛♥❞ ✈❡ ❣  ✉♥❣✱ ♠✐  ❞❡  ❊♥ ❧♦❤♥✉♥❣ ❛✉❢ ❛❧❧❡♥ ❍✐❡ ❛ ❝❤✐❡❡❜❡♥❡♥ ✐♥♥❡ ❤❛❧❜ ❡✐♥❡  ❯♥✲
 ❡ ♥❡❤♠❡♥  ❣❡♠❡✐♥  ✭✈❣❧✳ ✈✳ ❲❡ ❞❡ ✱ ✷✵✶✶✱ ❙✳ ✻✸ ❢✳✮✳ ❉✐❡ ❆✉  ❛❣❡♥ ❞❡  ❚✉ ♥✐❡  ❤❡♦ ✐❡
❜❡③✐❡❤❡♥  ✐❝❤ ❞✐ ❡❦  ❛✉❢ ❞✐❡ ●❡❤❛❧     ✉❦ ✉  ✐♥♥❡ ❤❛❧❜ ❡✐♥❡  ❯♥ ❡ ♥❡❤♠❡♥ ✳ ◆❛❝❤ ❞❡ 
❚✉ ♥✐❡  ❤❡♦ ✐❡ ✐   ❡✐♥ ❦♦♥✈❡①❡  ❱❡ ❧❛✉❢ ❞❡  ●❡❤❛❧     ✉❦ ✉  ✐♥♥❡ ❤❛❧❜ ❡✐♥❡  ❯♥ ❡ ✲
♥❡❤♠❡♥  ✉♥❞ ❡✐♥ ❜❡ ♦♥❞❡   ❤♦❤❡  ●❡❤❛❧   ♣ ✉♥❣ ❛✉❢ ❞❡  ❤ ❝❤  ❡♥ ❊♥ ❧♦❤♥✉♥❣   ✉✲
❢❡ ③✉ ❡ ✇❛  ❡♥✳ ❘❡❣❡❧✉♥❣❡♥ ③✉  ❇❡❣ ❡♥③✉♥❣ ❞❡  ❱♦   ❛♥❞ ✈❡ ❣  ✉♥❣ ✐♠ ❞❡✉  ❝❤❡♥
❆❦ ✐❡♥❣❡ ❡ ③  ♦❧❧❡♥ ❞✐❡  ❥❡❞♦❝❤ ✈❡ ❤✐♥❞❡ ♥ ♦❞❡  ③✉♠✐♥❞❡   ❛❜♠✐❧❞❡ ♥✳ ❊✐♥❡  ♦❧❝❤❡
❡✐♥ ❡✐ ✐❣❡ ❇❡❣ ❡♥③✉♥❣ ❜❡✐  ♦♥   ✉♥✈❡  ♥❞❡  ❡♥ ❘❛❤♠❡♥❜❡❞✐♥❣✉♥❣❡♥ ❢ ❤   ♥❛❝❤ ❞❡ 
❚✉ ♥✐❡  ❤❡♦ ✐❡ ③✉ ❡✐♥❡  ❣❡ ✐♥❣❡ ❡♥ ▼♦ ✐✈❛ ✐♦♥ ❞❡  ▼✐ ❛ ❜❡✐ ❡  ❛❧❧❡  ❍✐❡ ❛ ❝❤✐❡❡❜❡✲
♥❡♥✳ ❉✐❡ ✈❡  ✐❦❛❧❡ ❱❡ ❣❧❡✐❝❤❜❛ ❦❡✐  ❜❡  ❝❦ ✐❝❤ ✐❣  ♥✐❝❤  ❞✐❡ ❡✐❣❡♥ ❧✐❝❤  ❡❧❡✈❛♥ ❡♥ ❊✐♥✲
✢✉  ❢❛❦ ♦ ❡♥ ❛✉❢ ❞✐❡ ❍ ❤❡ ❞❡  ❊✐♥❦♦♠♠❡♥ ❞✐✛❡ ❡♥③✱ ❞❛  ❘✐ ✐❦♦ ✉♥❞ ❞❛  ● ❡♥③❧❡✐❞✳
❆✉  ❙✐❝❤  ❞❡  ❚✉ ♥✐❡  ❤❡♦ ✐❡ ❦❛♥♥ ❡✐♥❡ ❆✉  ❛❣❡  ❜❡  ❞✐❡ ❆♥❣❡♠❡  ❡♥❤❡✐  ❞❡  ❊✐♥✲
❦♦♠♠❡♥ ❞✐✛❡ ❡♥③ ❛✉❢ ❞❡  ♦❜❡   ❡♥ ❍✐❡ ❛ ❝❤✐❡  ✉❢❡ ♥✉  ❜❡✐ ❇❡  ❛❝❤ ✉♥❣ ❞❡  ❣❡ ❛♠ ❡♥
●❡❤❛❧     ✉❦ ✉  ✐♥♥❡ ❤❛❧❜ ❡✐♥❡  ❯♥ ❡ ♥❡❤♠❡♥  ✉♥❞ ❞❡  ❇❡  ❝❦ ✐❝❤ ✐❣✉♥❣ ✈♦♥ ❘✐ ✐✲
✻❦♦ ❣❡  ♦✛❡♥ ✇❡ ❞❡♥ ✭▲❛③❡❛ ✱ ✶✾✾✺✱ ❙✳ ✸✶✮✳ ● ✉♥❞   ③❧✐❝❤ ❦❛♥♥ ❞❛❤❡  ❞❡   ♦❣❡♥❛♥♥ ❡
✈❡  ✐❦❛❧❡ ❱❡ ❣❧❡✐❝❤ ❛♥❤❛♥❞ ❞❡  ❚✉ ♥✐❡  ❤❡♦ ✐❡ ❜❡❣  ♥❞❡  ✇❡ ❞❡♥✳
❲✐❡ ❜❡ ❡✐   ❞❛ ❣❡❧❡❣  ✇✉ ❞❡♥ ❞✐❡ ❇❡❞✐♥❣✉♥❣❡♥ ❢   ❡✐♥❡ ❍❡ ❛❜ ❡ ③✉♥❣ ✈❡ ❡✐♥❢❛❝❤ 
 ♦✇✐❡ ❞✐❡ ✈♦ ❤❡ ✐❣❡ ✒❑❛♥♥✏✲ ③✉ ❡✐♥❡  ✒❙♦❧❧✏✲❱♦  ❝❤ ✐❢  ❣❡ ♥❞❡  ✳ ❱❡  ❝❤❧❡❝❤ ❡    ✐❝❤ ❞✐❡
✇✐   ❝❤❛❢ ❧✐❝❤❡ ▲❛❣❡ ❢   ❡✐♥ ❯♥ ❡ ♥❡❤♠❡♥ ❦❛♥♥ ❡✐♥❡ ③✉✈♦  ❛♥❣❡♠❡  ❡♥❡ ❱❡ ❣  ✉♥❣
✉♥❛♥❣❡♠❡  ❡♥ ✇❡ ❞❡♥✱ ✇❡♥♥ ❞✉ ❝❤ ❞✐❡ ✈❡  ♥❞❡  ❡ ▲❛❣❡ ❞✐❡ ❇❡❞✐♥❣✉♥❣❡♥ ✈♦♥ ➓ ✽✼
❆❜ ✳ ✶ ❆❦ ● ♥✐❝❤  ♠❡❤  ❡ ❢ ❧❧   ✐♥❞✳ ❉✐❡ ✒❙♦❧❧✏✲❇❡  ✐♠♠✉♥❣ ❛❧❧❡✐♥ ❣❡♥ ❣  ♥✐❝❤  ✉♠
❛✉❢ ❡✐♥❡♥ ❊ ♠❡  ❡♥  ♣✐❡❧ ❛✉♠  ❞❡  ❆✉❢ ✐❝❤   ❛ ❡  ③✉  ❝❤❧✐❡ ❡♥✱ ♦❜ ❡   ✐❝❤ ❡♥  ❝❤❡✐❞❡♥
❦❛♥♥ ❞✐❡ ❱❡ ❣  ✉♥❣ ③✉  ❡❞✉③✐❡ ❡♥ ♦❞❡  ♥✐❝❤ ✳ ❉✐❡ ❍❡ ❛❜ ❡ ③✉♥❣   ❡❧❧  ✈✐❡❧♠❡❤  ❞❡♥
❘❡❣❡♥❢❛❧❧ ❞❛ ✱ ❜❡✐ ❱♦ ❧✐❡❣❡♥ ❞❡  ❱♦ ❛✉  ❡ ③✉♥❣❡♥ ❡✐♥❡  ♥✐❝❤  ♠❡❤  ❛♥❣❡♠❡  ❡♥❡♥
❱❡ ❣  ✉♥❣✱ ❞✐❡ ❇❡③ ❣❡ ❤❡ ❛❜③✉ ❡ ③❡♥✱ ✈♦♥ ❞❡♠ ♥✉  ✐♥ ❜❡❣  ♥❞❡ ❡♥ ❆✉ ♥❛❤♠❡❢ ❧❧❡♥
❛❜❣❡✇✐❝❤❡♥ ✇❡ ❞❡♥ ❞❛ ❢ ✭✈❣❧✳ ❖❡ ❦❡ ✱ ✷✵✶✶✱ ❙✳ ✺✹✵✮✳ ■♠ ✈♦ ❧✐❡❣❡♥❞❡♥ ❇❡✐  ❛❣ ✇✐ ❞
❞❛❤❡  ✈❡ ♠✉ ❡ ✱ ❞❛   ❜❡✐ ❱❡  ❝❤❧❡❝❤ ❡ ✉♥❣ ❞❡  ✇✐   ❝❤❛❢ ❧✐❝❤❡♥ ▲❛❣❡ ❞❡  ❆✉❢ ✐❝❤   ❛ 
❡✐♥❡ ❍❡ ❛❜ ❡ ③✉♥❣ ✈♦ ♥❡❤♠❡♥ ✇✐ ❞✳
❉✐❡ ❣❡♥❛✉❡ ❡ ❆✉ ❣❡  ❛❧ ✉♥❣ ❞❡  ❍❡ ❛❜ ❡ ③✉♥❣ ❞✉ ❝❤ ❞❡♥ ❆✉❢ ✐❝❤   ❛  ❢   ❞✐❡ ❡✐♥✲
③❡❧♥❡♥ ❱♦   ❛♥❞ ♠✐ ❣❧✐❡❞❡  ❣❡♥❛✉❡  ③✉ ❞❡✜♥✐❡ ❡♥✳ ❉❡  ❆♥❣❡♠❡  ❡♥❤❡✐  ❣ ✉♥❞ ❛ ③
③✐❡❧  ♥✐❝❤  ❛✉❢ ❞❡♥ ❱♦   ❛♥❞ ❛❧  ❣❡ ❛♠ ❡  ❖ ❣❛♥✳ ❊✐♥❡ ❇❡✉  ❡✐❧✉♥❣ ❞❡  ❆♥❣❡♠❡  ❡♥✲
❤❡✐  ✐   ❞❡♠♥❛❝❤ ❢   ❥❡❞❡  ❞❡  ❱♦   ❛♥❞ ♠✐ ❣❧✐❡❞❡   ❡♣❛ ❛  ❞✉ ❝❤③✉❢ ❤ ❡♥✳ ❆✉  ❞❡♠
●❧❡✐❝❤❜❡❤❛♥❞❧✉♥❣ ❣ ✉♥❞ ❛ ③ ❧      ✐❝❤  ❝❤❧✐❡ ❡♥ ❛❧❧❡ ❱♦   ❛♥❞ ♠✐ ❣❧✐❡❞❡  ✐♥ ❞✐❡ ❍❡ ✲
❛❜ ❡ ③✉♥❣ ❡✐♥③✉❜❡③✐❡❤❡♥ ✉♥❞ ♥✐❝❤  ❞✐❡ ❇❡③ ❣❡ ❡✐♥③❡❧♥❡  ▼✐ ❣❧✐❡❞❡  ❞❡  ❱♦   ❛♥❞ 
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❆❜✇ ❣✉♥❣ ✈♦♥ ❇❡  ❝❦ ✐❝❤ ✐❣✉♥❣ ❞❡  ✐♥❞✐✈✐❞✉❡❧❧❡♥ ▲❡✐  ✉♥❣ ✉♥❞ ❞❡  ●❧❡✐❝❤❜❡❤❛♥❞✲
❧✉♥❣ ❣ ✉♥❞ ❛ ③❡  ✈♦ ③✉♥❡❤♠❡♥✳ ❉✐❡ ❣❡❜✐❡ ❡   ❝❤❧✐❡ ❧✐❝❤ ✐♥ ❞❡  ❘❡❣❡❧ ❡✐♥❡ ♣ ♦③❡♥ ✉❛❧
❣❧❡✐❝❤♠  ✐❣❡ ❘❡❞✉❦ ✐♦♥ ❞❡  ❇❡③ ❣❡ ❛❧❧❡  ❱♦   ❛♥❞ ♠✐ ❣❧✐❡❞❡  ✭✈❣❧✳ ❖❡ ❦❡ ✱ ✷✵✶✶✱ ❙✳
✺✹✼✮✳
❉✐❡ ❡ ❆ ❜❡✐   ❡ ③  ❛♥ ❞❡♥ ❜❡ ❝❤ ✐❡❜❡♥❡♥ ❣ ✉♥❞❧❡❣❡♥❞❡♥ ❆ ❜❡✐ ❡♥ ③✉  ❚✉ ♥✐❡  ❤❡♦✲
 ✐❡ ❛♥ ✉♥❞ ✈❡ ❦♥ ♣❢  ❞✐❡ ❡ ♠✐  ❞❡♠ ❞❛ ❣❡  ❡❧❧ ❡♥  ❡❝❤ ❧✐❝❤❡♥ ❘❛❤♠❡♥✳ ❉❛ ❛✉❢ ❛✉❢✲
❜❛✉❡♥❞ ✇✐ ❞ ✐♠ ❢♦❧❣❡♥❞❡♥ ❆❜ ❝❤♥✐   ❡✐♥ ▼♦❞❡❧❧ ❡♥ ✇✐❝❦❡❧ ✱ ✉♠ ❞✐❡ ❊✛❡❦ ❡ ❞❡  ❍❡ ✲
❛❜ ❡ ③✉♥❣ ♠ ❣❧✐❝❤❦❡✐  ✈♦♥ ❱♦   ❛♥❞ ❜❡③ ❣❡♥ ③✉ ✉♥ ❡  ✉❝❤❡♥✳ ❍✐❡ ❢   ✇❡ ❞❡♥ ❞✐❡
 ❡ ✉❧ ✐❡ ❡♥❞❡♥ ❊ ❣❡❜♥✐  ❡ ❛✉  ❙✐❝❤  ✈♦♥ ❱♦   ❛♥❞✈♦  ✐ ③❡♥❞❡♥ ✉♥❞ ❯♥ ❡ ♥❡❤♠❡♥✱
✈❡   ❡ ❡♥ ❞✉ ❝❤ ❞❡♥ ❆✉❢ ✐❝❤   ❛ ✱ ❡ ♠✐  ❡❧ ✱ ✉♠ ❞✉ ❝❤ ❘ ❝❦✇    ✐♥❞✉❦ ✐♦♥ ❆✉  ❛❣❡♥
 ❜❡  ❞❛  ❊♥  ❝❤❡✐❞✉♥❣ ♣ ♦❜❧❡♠ ✈♦♥ ❱♦   ❛♥❞ ✉♥❞ ❆✉❢ ✐❝❤   ❛    ❡✛❡♥ ③✉ ❦ ♥♥❡♥✳
✼✸ ❉❛  ▼♦❞❡❧❧
● ✉♥❞❧❛❣❡ ❞❡  ♠♦❞❡❧❧ ❤❡♦ ❡ ✐ ❝❤❡♥ ❇❡  ❛❝❤ ✉♥❣ ✐   ❡✐♥ ♠♦❞✐✜③✐❡  ❡  ▼♦❞❡❧❧ ✐♥ ❡♥❣❡ 
❆♥❧❡❤♥✉♥❣ ❛♥ ❞❛  ❘❛♥❦✲❖ ❞❡ ✲❚♦✉ ♥❛♠❡♥ ✲▼♦❞❡❧❧ ✈♦♥ ▲❛③❡❛  ✉♥❞ ❘♦ ❡♥ ✭✶✾✽✶✮✳
■♠ ❘❛♥❦✲❖ ❞❡ ✲❚♦✉ ♥❛♠❡♥ ✲▼♦❞❡❧❧  ❡ ③   ✐❝❤ ❞❡  ❖✉ ♣✉  ❡✐♥❡  ❆ ❜❡✐ ♥❡❤♠❡   ❛✉ 
 ❡✐♥❡♠ ❆ ❜❡✐  ❡✐♥ ❛ ③ e  ♦✇✐❡ ❡✐♥❡  ❩✉❢❛❧❧ ✈❛ ✐❛❜❧❡ ǫ ③✉ ❛♠♠❡♥✳ ❉✐❡ ❩✉❢❛❧❧ ✈❛ ✐❛❜❧❡
ǫ ❦❛♥♥ ♥❛❝❤ ❖✬❑❡❡✛❡ ❡  ❛❧✳ ✭✶✾✽✹✱ ❙✳ ✸✷✮ ❛✉❝❤ ❛❧  ❋❡❤❧❡  ✐♥ ❞❡  ❖✉ ♣✉ ♠❡  ✉♥❣ ❞✉ ❝❤
❞❡♥ ❆ ❜❡✐ ❣❡❜❡  ✐♥ ❡ ♣ ❡ ✐❡   ✇❡ ❞❡♥✳ ❊✐♥ ❆ ❜❡✐ ♥❡❤♠❡  j ♣ ♦❞✉③✐❡   ❞❡♥ ❖✉ ♣✉ 
qj✱ ✉♥ ❡  ❆♥♥❛❤♠❡ ❡✐♥❡  ❛❞❞✐ ✐✈❡♥   ♦❞✉❦ ✐♦♥ ❢✉♥❦ ✐♦♥✱ ♠✐ 
qj = ej + ǫj. ✭✶✮
❉❡  ❞✉ ❝❤ ❝❤♥✐  ❧✐❝❤❡ ❆ ❜❡✐  ❡✐♥ ❛ ③ ✐   ♠✐  ej ✉♥❞ ❞❡  ❩✉❢❛❧❧ ❡✐♥✢✉   ♠✐  ǫj ❣❡❣❡❜❡♥✳
❉❡  ❆ ❜❡✐  ❡✐♥ ❛ ③ ej ✈❡ ✉  ❛❝❤  ❑♦  ❡♥ ✐♥ ❍ ❤❡ ✈♦♥ C(ej)✳ ❉✐❡ ❑♦  ❡♥❢✉♥❦ ✐♦♥
③❡✐❣  ❡✐♥❡♥ ❦♦♥✈❡①❡♥ ❱❡ ❧❛✉❢✱ C′,C′′ > 0✳ ❆✉  ❱❡ ❡✐♥❢❛❝❤✉♥❣ ❣  ♥❞❡♥ ✇✐ ❞ ✈♦♥
❤♦♠♦❣❡♥❡♥ ❆ ❜❡✐ ♥❡❤♠❡ ♥ ❛✉ ❣❡❣❛♥❣❡♥✱  ♦♠✐  ❣✐❧  C(ej) = C(e)✳ ❉✐❡ ❙   ✈❛ ✐❛❜❧❡
ǫj ✐   ❡✐♥ ❲❡   ♠✐  ❞❡♠ ❊ ✇❛  ✉♥❣ ✇❡   ◆✉❧❧✱ E(ǫj) = 0✱ ✉♥❞ ❞❡  ❱❛ ✐❛♥③ σ2✱
V ar(ǫj) = σ2
j✳
❯♠ ❞✐❡ ❊✣③✐❡♥③ ✈♦♥ ❘❛♥❦✲❖ ❞❡ ✲❚♦✉ ♥❛♠❡♥   ③✉ ❜❡✉  ❡✐❧❡♥ ✇✐ ❞ ✇✐❡ ❜❡✐ ▲❛③❡❛ 
✉♥❞ ❘♦ ❡♥ ✭✶✾✽✶✮ ❞❡  ❱❡ ❣❧❡✐❝❤ ♠✐  ❡✐♥❡♠ ❙  ❝❦❧♦❤♥ ❛♥❣❡❢ ❤  ✳ ❇❡✐ ❡✐♥❡♠ ❙  ❝❦❧♦❤♥
r ❜❡   ❣  ❞❛  ◆❡  ♦❡✐♥❦♦♠♠❡♥ ❡✐♥❡  ❆ ❜❡✐ ♥❡❤♠❡   rq − C(e)✳ ❘✐ ✐❦♦♥❡✉  ❛❧❡ ❆ ✲
❜❡✐ ♥❡❤♠❡  ✇ ❤❧❡♥ ✐❤ ❡♥ ❊✐♥ ❛ ③ e  ♦✱ ❞❛   ❞❛  ❡ ✇❛  ❡ ❡ ◆❡  ♦❡✐♥❦♦♠♠❡♥ ♠❛①✐♠❛❧
✇✐ ❞
E[rq − C(e)] = re − C(e).
❱  ❡✐ ♥✉♥ ❞❛  ● ❡♥③♣ ♦❞✉❦  ❞❡  ❆ ❜❡✐  ❡✐♥ ❛ ③❡  ej✳ ❉✐❡ ♥♦ ✇❡♥❞✐❣❡ ❇❡❞✐♥❣✉♥❣✱ ❞❛  
❞✐❡ ♠❛ ❣✐♥❛❧❡♥ ❑♦  ❡♥ ❞❡  ❆ ❜❡✐  ❡✐♥ ❛ ③❡  ❞❡♠ ● ❡♥③❡   ❛❣ ❞❡  ❆ ❜❡✐ ♥❡❤♠❡  
❡♥  ♣ ❡❝❤❡♥ ✐   ▲♦❤♥ ❣❧❡✐❝❤ ● ❡♥③❦♦  ❡♥✱ r = C′(e)✳ ❉❡  ❡ ✇❛  ❡ ❡ ●❡✇✐♥♥ ❞❡ 
❯♥ ❡ ♥❡❤♠❡♥  ✐   ♠✐ 
E[V q − rq] = (V − r)e
❣❡❣❡❜❡♥✳ ❇❡✐ ❢ ❡✐❡♠ ▼❛ ❦ ③✉  ✐   ✉♥❞ ❲❡  ❜❡✇❡ ❜ ③✇✐ ❝❤❡♥ ❞❡♥ ❆ ❜❡✐ ♥❡❤♠❡ ♥
❢♦❧❣  r = V ✉♥❞ ❡  ❡ ❣✐❜   ✐❝❤
V = C
′(e).
❉✐❡  ✐   ❞✐❡ ❜❡❦❛♥♥ ❡ ❇❡❞✐♥❣✉♥❣ ✒● ❡♥③♣ ♦❞✉❦  ❣❧❡✐❝❤ ● ❡♥③❦♦  ❡♥✏✱ ❞✐❡ ❜❡ ❛❣ ✱ ❞❛  
✽❙  ❝❦❧ ❤♥❡ ❡✣③✐❡♥   ✐♥❞ ✉♥❞ ❞❛  ❯♥ ❡ ♥❡❤♠❡♥ ❡✐♥❡♥ ◆✉❧❧❣❡✇✐♥♥  ❡❛❧✐ ✐❡  ✳
■♥ ❡✐♥❡♠ ❚✉ ♥✐❡  ♠✐  ③✇❡✐ ❚❡✐❧♥❡❤♠❡ ♥ ✇✐ ❞ ❞❡  ●❡✇✐♥♥ ❞❡  ❙✐❡❣❡  ✱ ❛✉❝❤ ❚✉ ✲
♥✐❡ ♣ ❡✐  ❣❡♥❛♥♥ ✱ ♠✐  W1 ✉♥❞ ❞❡  ●❡✇✐♥♥ ❞❡  ❱❡ ❧✐❡ ❡   ♠✐  W2 ✈♦♠ ❯♥ ❡ ♥❡❤♠❡♥
❢❡  ❣❡❧❡❣ ✱ ✇♦❜❡✐ W1 > W2✳ ❉❡  ❖✉ ♣✉  ❡✐♥❡  ❚✉ ♥✐❡  ❡✐❧♥❡❤♠❡   ❡♥  ♣ ✐❝❤  ●❧❡✐✲
❝❤✉♥❣ ✭✶✮✳ ❉❡  ❚✉ ♥✐❡  ❡✐❧♥❡❤♠❡  ♠✐  ❞❡♠ ❤ ❝❤  ❡♥ ❖✉ ♣✉  q ❣❡✇✐♥♥  ❞❛  ❚✉ ♥✐❡ ✳
❊♥  ❝❤❡✐❞❡♥❞ ✐   ❞✐❡ ❆♥♥❛❤♠❡✱ ❞❛   ❞❡  ❚✉ ♥✐❡  ❡✐❧♥❡❤♠❡  ♠✐  ❞❡♠  ❡❧❛ ✐✈ ❣    ❡♥
❖✉ ♣✉  ❣❡✇✐♥♥ ✳ ❉✐❡ ❛❜ ♦❧✉ ❡ ●   ❡ ❞❡  ❖✉ ♣✉   ✐   ♥✐❝❤   ❡❧❡✈❛♥ ✱ ❞❛ ❞✐❡ ❚✉ ♥✐❡ ✲
 ❡✐❧♥❡❤♠❡  ❛✉  ❝❤❧✐❡ ❧✐❝❤ ♦ ❞✐♥❛❧ ❣❡ ❡✐❤  ✇❡ ❞❡♥✳ ❉✐❡ ❚❡✐❧♥❡❤♠❡  ❦❡♥♥❡♥ ❞✐❡ ❡ ❘❡❣❡❧
✉♥❞ ❧❡❣❡♥ ③✉ ❇❡❣✐♥♥ ❞❡  ❚✉ ♥✐❡   ✐❤ ❡♥ ✐♥❞✐✈✐❞✉❡❧❧❡♥ ❆ ❜❡✐  ❡✐♥ ❛ ③  ✐♠✉❧ ❛♥ ❢❡  ✳
❉❛  ❤❡✐   ❞✐❡ ❚✉ ♥✐❡  ❡✐❧♥❡❤♠❡  ❤❛❜❡♥ ❦❡✐♥❡ ■♥❢♦ ♠❛ ✐♦♥❡♥  ❜❡  ❞❡♥ ❆ ❜❡✐  ❡✐♥ ❛ ③
❞❡  ❥❡✇❡✐❧  ❛♥❞❡ ❡♥ ❚❡✐❧♥❡❤♠❡  ✳ ❑♦♠♠✉♥✐❦❛ ✐♦♥ ♦❞❡  ❑♦❧❧✉ ✐♦♥ ❞❡  ❚✉ ♥✐❡  ❡✐❧♥❡❤✲
♠❡  ✇✐ ❞ ❛✉  ❱❡ ❡✐♥❢❛❝❤✉♥❣ ❣  ♥❞❡♥ ❛✉ ❣❡ ❝❤❧♦  ❡♥ ✹✳ ❆✉❢❣ ✉♥❞ ❞✐❡ ❡  ❆♥♥❛❤♠❡♥
❦❛♥♥ ❛✉❝❤ ❜❡✐ ❧❡❞✐❣❧✐❝❤ ③✇❡✐ ❚❡✐❧♥❡❤♠❡ ♥ ✈♦♥ ✈♦❧❧❦♦♠♠❡♥❡♠ ❲❡  ❜❡✇❡ ❜ ❛✉ ❣❡❣❛♥✲
❣❡♥ ✇❡ ❞❡♥✳ ■♠ ✈♦ ❧✐❡❣❡♥❞❡♥ ❋❛❧❧ ✇✐ ❞ ❞❡  ●❡✇✐♥♥❡ ♣ ❡✐  W1 ❛❧  ❞✐❡ ❱❡ ❣  ✉♥❣ ❞❡ 
❱♦   ❛♥❞ ✈♦  ✐ ③❡♥❞❡♥ ✉♥❞ W2 ❛❧  ❞✐❡ ❱❡ ❣  ✉♥❣ ❡✐♥❡  ❣❡✇ ❤♥❧✐❝❤❡♥ ❱♦   ❛♥❞ ♠✐ ✲
❣❧✐❡❞  ❞❡✜♥✐❡  ✳
●❡ ✉❝❤  ✐   ❞✐❡ ❚✉ ♥✐❡ ♣ ❡✐ ❦♦♠❜✐♥❛ ✐♦♥ (W1,W2) ✐♠ ❲❡  ❜❡✇❡ ❜ ❣❧❡✐❝❤❣❡✇✐❝❤ ✳
❉✐❡ ❚✉ ♥✐❡    ❛ ❡❣✐❡♥ ❞❡  ❱♦   ❛♥❞ ♠✐ ❣❧✐❡❞❡  ✇❡ ❞❡♥ ❡ ♠✐  ❡❧  ✐♥❞❡♠ ❞❡  ❡ ✇❛ ✲
 ❡ ❡ ◆✉ ③❡♥ ❞❡  ❱♦   ❛♥❞ ♠✐ ❣❧✐❡❞❡  ♠❛①✐♠✐❡   ✇✐ ❞✱ ✉♥ ❡  ❞❡  ◆❡❜❡♥❜❡❞✐♥❣✉♥❣✱
❞❛   ❞❛  ❯♥ ❡ ♥❡❤♠❡♥ ❡✐♥❡♥ ◆✉❧❧❣❡✇✐♥♥  ❡❛❧✐ ✐❡  ✳ ❉✐❡ ❙✉♠♠❡ ❞❡  ❜❡③❛❤❧ ❡♥ ▲ ❤♥❡
❜❧❡✐❜  ✉♥✈❡  ♥❞❡  ✳ ❊  ✜♥❞❡  ❧❡❞✐❣❧✐❝❤ ❡✐♥❡ ❯♠✈❡  ❡✐❧✉♥❣   ❛  ✳ ❉❡  ❚✉ ♥✐❡  ✐❡❣❡ 
❡ ❤ ❧  ❡✐♥❡♥ ▲♦❤♥  ❜❡   ❡✐♥❡♠ ● ❡♥③♣ ♦❞✉❦ ✱ ✇ ❤ ❡♥❞ ❞❡  ❱❡ ❧✐❡ ❡  ✇❡♥✐❣❡  ❡ ❤ ❧ ✳
■♠ ❋♦❧❣❡♥❞❡♥ ✇✐ ❞ ❣❡③❡✐❣  ✇❡ ❞❡♥✱ ❞❛   ❞✐❡ ❇❡ ❡✐  ❝❤❛❢  ❡✐♥❡  ❱♦   ❛♥❞ ♠✐ ❣❧✐❡❞ ✱
 ❡✐♥❡♥ ❊✐♥ ❛ ③ ③✉ ❡ ❤ ❤❡♥ ③✉♥✐♠♠ ✱ ✇❡♥♥ ❞✐❡ ❉✐✛❡ ❡♥③ ③✇✐ ❝❤❡♥ ❞❡♠   ❡✐  ❢   ❞❡♥
❙✐❡❣❡  ✉♥❞ ❞❡♠ ❱❡ ❧✐❡ ❡ ✱ W1 − W2✱ ❣   ❡  ✐  ✳ ❉❛ ♠✐  ③✉♥❡❤♠❡♥❞❡♠ ❊✐♥ ❛ ③ ❛✉❝❤
❞❡  ❖✉ ♣✉    ❡✐❣ ✱ ❤❛❜❡♥ ❞✐❡ ❯♥ ❡ ♥❡❤♠❡♥ ❡✐♥ ■♥ ❡ ❡  ❡ ❞❛ ❛♥ ❞✐❡ ❡ ❉✐✛❡ ❡♥③ ③✉
❡ ❤ ❤❡♥✳ ❆✉  ❞❡♥ ③✉♥❡❤♠❡♥❞❡♥ ● ❡♥③❦♦  ❡♥ ❞❡  ❆ ❜❡✐  ❡✐♥ ❛ ③❡ ✱ C′′(e) > 0✱ ❢♦❧❣ 
❞✐❡ ❊①✐  ❡♥③ ❣❡♥❛✉ ❡✐♥❡  ❣❧❡✐❝❤❣❡✇✐❝❤ ✐❣❡♥ ❉✐✛❡ ❡♥③ W1 − W2✳
❯♠ ❞✐❡ ❆✉ ✇✐ ❦✉♥❣❡♥ ❡✐♥❡  ❍❡ ❛❜ ❡ ③✉♥❣ ♠ ❣❧✐❝❤❦❡✐  ✈♦♥ ❱♦   ❛♥❞ ❜❡③ ❣❡♥ ❛♥✲
❤❛♥❞ ❞❡  ❚✉ ♥✐❡  ❤❡♦ ✐❡ ❜❡✉  ❡✐❧❡♥ ③✉ ❦ ♥♥❡♥ ✇✐ ❞ ❛♥ ❞✐❡ ❡  ❙ ❡❧❧❡ ❞❛  ● ✉♥❞♠♦❞❡❧❧
✈♦♥ ▲❛③❡❛  ✉♥❞ ❘♦ ❡♥ ✭✶✾✽✶✮ ❡ ✇❡✐ ❡  ✳ ❯♠ ❞✐❡ ❍❡ ❛❜ ❡ ③✉♥❣ ✐♠ ❋❛❧❧❡ ❡✐♥❡  ❦♦♥✲
✹ ❉✐❡ ❆♥♥❛❤♠❡ ✐   ❜❡✐♠ ❣❡❣❡❜❡♥❡♥ ▼♦❞❡❧❧❛✉❢❜❛✉ ❡✐❣❡♥ ❧✐❝❤ ♥✐❝❤  ♥♦ ✇❡♥❞✐❣✱ ❞❛ ❡   ✐❝❤ ❤✐❡  ♥✉ 
✉♠ ❡✐♥ ❡✐♥♠❛❧✐❣❡  ❙♣✐❡❧ ♦❤♥❡ ❲✐❡❞❡ ❤♦❧✉♥❣❡♥ ❤❛♥❞❡❧ ✳ ❉❛  ✐❝❤ ❞❛  ▼♦❞❡❧❧ ❥❡❞♦❝❤ ❡✐♥❢❛❝❤ ❛✉❢
❡✐♥ ✇✐❡❞❡ ❤♦❧ ❡  ❙♣✐❡❧ ❡ ✇❡✐ ❡ ♥ ❧✐❡ ❡✱ ❡ ✇❛ ✇❡♥♥ ❱❡   ❛❣ ✈❡ ❧ ♥❣❡ ✉♥❣❡♥ ❜❡  ❛❝❤ ❡  ✇  ❞❡♥✱
❡  ❝❤❡✐♥  ❞✐❡ ❡ ❊✐♥ ❝❤  ♥❦✉♥❣ ❤✐❡  ❜❡ ❡❝❤ ✐❣ ✳
✾❥✉♥❦ ✉ ❡❧❧❡♥ ❱❡  ❝❤❧❡❝❤ ❡ ✉♥❣ ③✉ ♠♦❞❡❧❧✐❡ ❡♥ ✇✐ ❞ ❞✐❡ ❱❛ ✐❛❜❧❡ γ ❡✐♥❣❡❢ ❤  ✳✺ ❉❡ 
❚✉ ♥✐❡ ♣ ❡✐  ❜❡   ❣ ✱ ❜❡✐ ❇❡  ❝❦ ✐❝❤ ✐❣✉♥❣ ❡✐♥❡  ❍❡ ❛❜ ❡ ③✉♥❣ ♠ ❣❧✐❝❤❦❡✐ ✱ ❢♦❧❣❧✐❝❤
γW1 ❜③✇✳ γW2✱ ✐♠ ■♥ ❡ ✈❛❧❧ ✈♦♥ γ ∈ (0,1] ❞❡✜♥✐❡   ✇✐ ❞✳ ❇❡✐ ❡✐♥❡  ♥♦ ♠❛❧❡♥ ▼❛ ❦ ✲
❡♥ ✇✐❝❦❧✉♥❣ ♥✐♠♠  γ ❡✐♥❡♥ ❲❡   ✈♦♥ ✶ ❛♥✳ ❚ ✐   ❡✐♥❡ ♥✐❝❤  ✈♦ ❤❡ ❣❡ ❡❤❡♥❡ ❱❡ ✲
 ❝❤❧❡❝❤ ❡ ✉♥❣ ❞❡  ▼❛ ❦ ❧❛❣❡ ❡✐♥✱ ♥✐♠♠  γ ❡✐♥❡♥ ❲❡   ③✇✐ ❝❤❡♥ 0 ✉♥❞ 1 ❛♥✳ ❩✉
❜❡❛❝❤ ❡♥ ✐  ✱ ❞❛   γ  ✐❝❤  ♦✇♦❤❧ ❛✉❢ W1 ❛❧  ❛✉❝❤ ❛✉❢ W2 ❛✉ ✇✐ ❦ ✳ ❱♦♥ ❞❡  ❍❡ ✲
❛❜ ❡ ③✉♥❣ ♠ ❣❧✐❝❤❦❡✐   ✐♥❞ ❢♦❧❣❧✐❝❤ ❞❡  ●❡✇✐♥♥❡ ✲ ✉♥❞ ❞❡  ❱❡ ❧✐❡ ❡ ♣ ❡✐  ❣❧❡✐❝❤❡ ✲
♠❛ ❡♥ ❜❡  ♦✛❡♥✳ ❉✐❡ ❡ ❇❡❞✐♥❣✉♥❣ ❡ ❢ ❧❧  ❞✐❡ ③✉✈♦  ❞❛ ❣❡❧❡❣ ❡  ❡❝❤ ❧✐❝❤❡ ❋♦ ❞❡ ✉♥❣
❛❧❧❡ ❱♦   ❛♥❞ ♠✐ ❣❧✐❡❞❡  ♣ ♦③❡♥ ✉❛❧ ❣❧❡✐❝❤♠  ✐❣ ③✉ ❜❡❧❛  ❡♥✳ ❉✐❡ ❆❜❣ ❡♥③✉♥❣ ③✉ ǫ
✐   ❡❜❡♥❢❛❧❧  ✇✐❝❤ ✐❣✳ ❉✐❡ ❯♠✇❡❧ ❡✐♥✢   ❡ γ  ✐♥❞ ❢   ❛❧❧❡ ❚✉ ♥✐❡  ❡✐❧♥❡❤♠❡  ❣❧❡✐❝❤✱
✇ ❤ ❡♥❞ ǫ ❢   ❥❡❞❡♥ ❚❡✐❧♥❡❤♠❡  ❡✐♥❡ ❛♥❞❡ ❡ ❆✉ ♣  ❣✉♥❣ ❛♥♥❡❤♠❡♥ ❦❛♥♥✳
❉❛ ❞✐❡ ❜❡✐❞❡♥ ❚✉ ♥✐❡  ❡✐❧♥❡❤♠❡  ❞✐❡ ❣❧❡✐❝❤ ❑♦  ❡♥ C(e)✱ ✐♥ ❆❜❤ ♥❣✐❣❦❡✐  ✐❤ ❡  ❆ ✲
❜❡✐  ❡✐♥ ❛ ③❡  e✱ ❛✉❢❜ ✐♥❣❡♥ ♠   ❡♥  ✐♥❞  ✐❡ ❛✉❝❤ ❜❡③ ❣❧✐❝❤ ❞❡  ❣❡✇ ❤❧ ❡♥ ❙  ❛ ❡❣✐❡
✐❞❡♥ ✐ ❝❤✳ ❉✐❡ ❆♥♥❛❤♠❡ ❞❡  ❘✐ ✐❦♦♥❡✉  ❛❧✐    ✇✐ ❞ ❛✉❝❤ ✐♠ ❋♦❧❣❡♥❞❡♥ ❛✉❢ ❡❝❤ ❡ ✲
❤❛❧ ❡♥✳ ❉✐❡ ❲❛❤  ❝❤❡✐♥❧✐❝❤❦❡✐  ③✉ ❣❡✇✐♥♥❡♥  ❡✐ P✳ ❉❛♥♥ ✐   ❞❡  ❡ ✇❛  ❡ ❡ ◆✉ ③❡♥
❡✐♥❡  ❚✉ ♥✐❡  ❡✐❧♥❡❤♠❡  
EU = P[γW1 − C(e)] + (1 − P)[γW2 − C(e)] =
PγW1 + (1 − P)γW2 − C(e). ✭✷✮
❉✐❡ ❲❛❤  ❝❤❡✐♥❧✐❝❤❦❡✐ ✱ ❞❛   ❚✉ ♥✐❡  ❡✐❧♥❡❤♠❡  j  ✐❝❤ ❣❡❣❡♥ ❚✉ ♥✐❡  ❡✐❧♥❡❤♠❡  k
❞✉ ❝❤ ❡ ③❡♥ ❦❛♥♥  ❡✐
P(qj > qk) = P(ej − ek > ǫk − ǫj)
= P(ej − ek > ξ) = G(ej − ek), j,k = 1,2 ,j  = k ✭✸✮
✇♦❜❡✐ ξ := ǫk − ǫj ✉♥❞ ξ ∼ g(ξ)✳ G(·) ✐   ❞✐❡ ❦✉♠✉❧❛ ✐✈❡ ❉✐❝❤ ❡❢✉♥❦ ✐♦♥ ✈♦♥ ξ✱ ❞❛
ǫj ✉♥❞ ǫk ✉♥❛❜❤ ♥❣✐❣ ✉♥❞ ✐❞❡♥ ✐ ❝❤ ✈❡  ❡✐❧   ✐♥❞ ❣✐❧  E(ξ) = 0 ✉♥❞ E(ξ2) = 2σ2✳ ❉❛
❞✐❡ ❯♠✇❡❧ ❡✐♥✢   ❡ γ ❢   ❛❧❧❡ ❚✉ ♥✐❡  ❡✐❧♥❡❤♠❡  ❣❧❡✐❝❤  ✐♥❞✱ ✐   ❞✐❡ ●❡✇✐♥♥✇❛❤ ✲
 ❝❤❡✐♥❧✐❝❤❦❡✐  ✉♥❛❜❤ ♥❣✐❣ ✈♦♥ γ✳ ❉✐❡ ❚✉ ♥✐❡  ❡✐❧♥❡❤♠❡  ✇ ❤❧❡♥ ✐❤ ❡♥ ❆ ❜❡✐  ❡✐♥ ❛ ③
✺ ❆♥❞❡   ❛❧  ❜❡✐ ◆❛❧❡❜✉✛ ✉♥❞ ❙ ✐❣❧✐ ③ ✭✶✾✽✸✱ ❙✳ ✷✸ ❢✳✮ ✇❡ ❞❡♥ ❞✐❡ ❯♠✇❡❧ ❡✐♥✢   ❡ ♥✐❝❤  ✐♥ ❞❡ 
  ♦❞✉❦ ✐♦♥ ❢✉♥❦ ✐♦♥ ✈❡ ❦♥ ♣❢ ✳ ❊✐♥❡ ❛♥❞❡ ❡ ▼♦❞❡❧❧✐❡ ✉♥❣ ✇✐ ❞ ❣❡✇ ❤❧ ✱ ❞❛ ♥✐❝❤  ♠ ❣❧✐❝❤❡
❙❝❤✇❛♥❦✉♥❣❡♥ ❞❡  ❖✉ ♣✉   ✐♠ ❋♦❦✉  ❞❡  ❇❡  ❛❝❤ ✉♥❣ ❧✐❡❣❡♥✱  ♦♥❞❡ ♥ ❞✐❡ ❲✐ ❦✉♥❣ ✈♦♥ ❡① ❡ ♥❡♥
❙❝❤♦❝❦ ✱ ❞✐❡ ✐♥ ❡✐♥❡  ❍❡ ❛❜ ❡ ③✉♥❣ ❞❡  ❇❡③ ❣❡  ❡ ✉❧ ✐❡ ❡♥✳ ❊  ❡  ❝❤❡✐♥ ✱ ③✉  ❇❡✉  ❡✐❧✉♥❣ ❞❡ 
❱♦   ❆●✱  ✐♥♥✈♦❧❧❡  ❡✐♥❡  ❡❝❤ ❧✐❝❤ ❦♦❞✐✜③✐❡  ❡ ❍❡ ❛❜ ❡ ③✉♥❣ ♠ ❣❧✐❝❤❦❡✐  ❞❡  ❇❡③ ❣❡ ❞✐ ❡❦  ♠✐ 
❞❡♥ ❇❡③ ❣❡♥  ❡❧❜   ③✉ ✈❡ ❦♥ ♣❢❡♥✳
✶✵ei  ♦✱ ❞❛   ✐❤  ❡ ✇❛  ❡ ❡  ◆✉ ③❡♥ ✭✷✮ ♠❛①✐♠❛❧ ✇✐ ❞✳ ❊  ❡ ❣❡❜❡♥  ✐❝❤ ❞✐❡ ❢♦❧❣❡♥❞❡♥












′′(ei) < 0, i = j,k. ✭✺✮
❉❡  ❚✉ ♥✐❡  ❡✐❧♥❡❤♠❡  j ♦♣ ✐♠✐❡    ❡✐♥❡♥ ❆ ❜❡✐  ❡✐♥ ❛ ③ ✉♥ ❡  ❞❡  ❆♥♥❛❤♠❡✱ ❞❛  
ek ❣❡❣❡❜❡♥ ✐  ✳ ❉✐❡ ❙  ❛ ❡❣✐❡ ✈♦♥ ❚❡✐❧♥❡❤♠❡  j ❡ ❣✐❜   ✐❝❤ ❛✉  ✭✸✮ ♠✐ 
∂P/∂ej = ∂G(ej − ek)/∂ej = g(ej − ek). ✭✻✮









j) = 0. ✭✼✮
❉✐❡ ❘❡❛❦ ✐♦♥ ❢✉♥❦ ✐♦♥ ❞❡  ❚❡✐❧♥❡❤♠❡   k ❡ ❣✐❜   ✐❝❤ ❛♥❛❧♦❣ ③✉ ✭✼✮✳ ❆✉  ❞❡  ❙②♠✲
♠❡  ✐❡ ❢♦❧❣ ✱ ✇❡♥♥ ❡✐♥ ●❧❡✐❝❤❣❡✇✐❝❤  ❡①✐  ✐❡  ✱ ek = ej ✉♥❞ P = G(0) = 1
2✳ ❯♠
❡✐♥❡ ✐♠♣❧✐③✐❡  ❡ ❋♦ ♠ ❢   ❞✐❡ ❣❧❡✐❝❤❣❡✇✐❝❤ ✐❣❡ ❆♥   ❡♥❣✉♥❣ ③✉ ❡ ♠✐  ❡❧♥✱ ✇✐ ❞ ✐♥
●❧❡✐❝❤✉♥❣ ✭✼✮ ek = ej = e∗ ❡✐♥ ❡ ③ 
γ(W1 − W2)g(0) = C
′(e
∗) ✭✽✮





, i = j,k. ✭✾✮
❲✐❡ ③✉ ❇❡❣✐♥♥ ❛♥❣❡♥♦♠♠❡♥   ❡❧❧❡♥ C(e∗) ❞✐❡ ❑♦  ❡♥ ❞❡  ❆ ❜❡✐  ❡✐♥ ❛ ③❡  ❞❛ ✳ ❉❛❤❡ 
③❡✐❣  ●❧❡✐❝❤✉♥❣ ✭✽✮✱ ❞❛   ❞❡  ❯♠❢❛♥❣ ❞❡  ❆ ❜❡✐  ❡✐♥ ❛ ③❡  ❡✐♥❡  ❚✉ ♥✐❡  ❡✐❧♥❡❤♠❡  
✈♦♥ ❞❡  ❉✐✛❡ ❡♥③ ③✇✐ ❝❤❡♥ ●❡✇✐♥♥ ❞❡  ❙✐❡❣❡   ✉♥❞ ●❡✇✐♥♥ ❞❡  ❱❡ ❧✐❡ ❡   ❛❜❤ ♥❣ ✳
● ✉♥❞  ✐♥❞ ❞✐❡ ✐♥ e ♠♦♥♦ ♦♥   ❡✐❣❡♥❞❡♥ ● ❡♥③❦♦  ❡♥ C′(e∗)✳ ▼✐  ❡✐♥❡    ❡✐❣❡♥❞❡♥
❩✉♥❛❤♠❡ ❞❡  ❉✐✛❡ ❡♥③ ✇❡ ❞❡♥  ✐❝❤ ❞✐❡ ❚✉ ♥✐❡  ❡✐❧♥❡❤♠❡  ❛❧ ♦ ♠❡❤  ❛♥   ❡♥❣❡♥ ✭▲❛✲
③❡❛ ✱ ✶✾✾✺✱ ❙✳ ✷✽ ❢✳✮✳ ❉✐❡ ❛❜ ♦❧✉ ❡ ❍ ❤❡ ❞❡    ❡✐ ❡ ✐   ♥✐❝❤  ❛✉  ❝❤❧❛❣❣❡❜❡♥❞ ❢   ❞✐❡
❊♥  ❝❤❡✐❞✉♥❣  ❜❡  ❞❡♥ ❣❡✇ ❤❧ ❡♥ ❆ ❜❡✐  ❡✐♥ ❛ ③✳ ❙✐❡   ❡❧❧  ❧❡❞✐❣❧✐❝❤ ❡✐♥❡ ❚❡✐❧♥❛❤♠❡✲
❜❡❞✐♥❣✉♥❣ ❞❛ ✱ ❞❡  ❡ ✇❛  ❡ ❡ ◆✉ ③❡♥ ♠✉   ♣♦ ✐ ✐✈  ❡✐♥✳ ❉✐❡ ♦♣ ✐♠❛❧❡ ●❡✇✐♥♥ ♣❛♥♥❡
✶✶✇✐ ❞ ❛❜❡  ❛✉❝❤ ❞✉ ❝❤ ❞❛  ❆✉ ♠❛ ✱ ♠✐  ❞❡  ❞❛  ❊ ❣❡❜♥✐  ✈♦♥ ✐♥❞✐✈✐❞✉❡❧❧❡♥ ❩✉❢❛❧❧ ❡✐♥✲
✢   ❡♥ ǫj ✉♥❞ ❛❧❧❣❡♠❡✐♥❡♥ ❯♠✇❡❧ ❡✐♥✢   ❡♥ γ ❛❜❤ ♥❣ ✱ ❜❡❡✐♥✢✉   ✳ ❆✉  ●❧❡✐❝❤✉♥❣
✭✾✮ ❧      ✐❝❤ ❞❡  ✉♠❣❡❦❡❤   ♣ ♦♣♦  ✐♦♥❛❧❡ ❩✉ ❛♠♠❡♥❤❛♥❣ ③✇✐ ❝❤❡♥ ❞❡  ♦♣ ✐♠❛❧❡♥
❚✉ ♥✐❡ ♣ ❡✐ ❞✐✛❡ ❡♥③ ∆W ∗ ✉♥❞ ❞❡♥ ❩✉❢❛❧❧ ❡✐♥✢   ❡♥ ǫj ❜❡③✐❡❤✉♥❣ ✇❡✐ ❡ ❞❡♥ ❯♠✲
✇❡❧ ❡✐♥✢   ❡♥ γ ❛❜❧❡ ❡♥✳ ■   ❞✐❡ ❦♦♥❥✉♥❦ ✉ ❡❧❧❡ ▲❛❣❡  ❝❤❧❡❝❤ ❡  ❛❧  ❡ ✇❛  ❡ ✱ ♥✐♠♠ 
γ ❡✐♥❡♥ ❲❡   ❦❧❡✐♥❡  ✶ ❛♥ ✉♥❞ ❞✐❡ ❊✐♥❦♦♠♠❡♥ ❞✐✛❡ ❡♥③ ∆W ∗ ♠✉   ❡♥  ♣ ❡❝❤❡♥❞ ❡ ✲
❤ ❤  ✇❡ ❞❡♥✳ ❉❛ ❞✐❡ ❊✐♥❦♦♠♠❡♥ ❞✐✛❡ ❡♥③ ❛♥♥❛❤♠❡❣❡♠   ♥✐❝❤  ❡ ❤ ❤  ✇✐ ❞✱ ✇❡ ❞❡♥
❞✐❡ ❚✉ ♥✐❡  ❡✐❧♥❡❤♠❡  ✐❤ ❡♥ ❆ ❜❡✐  ❡✐♥ ❛ ③  ❡❞✉③✐❡ ❡♥✳
●❡❣❡❜❡♥ ❞❡  ❣❧❡✐❝❤❣❡✇✐❝❤ ✐❣❡♥ ❊♥  ❝❤❡✐❞✉♥❣ ❞❡  ❆ ❜❡✐ ♥❡❤♠❡ ✱ ❛✉ ❣❡❞  ❝❦  ❞✉ ❝❤
●❧❡✐❝❤✉♥❣ ✭✽✮✱ ❦❛♥♥ ♥✉♥ ❞✉ ❝❤ ❘ ❝❦✇    ✐♥❞✉❦ ✐♦♥ ❞✐❡ ♦♣ ✐♠❛❧❡ ❊♥  ❝❤❡✐❞✉♥❣ ❞❡ 
❯♥ ❡ ♥❡❤♠❡♥  ❡ ♠✐  ❡❧  ✇❡ ❞❡♥✳ ❉✐❡ ❡ ▲  ✉♥❣   ❡❧❧  ❡✐♥ ❚❡✐❧ ♣✐❡❧♣❡ ❢❡❦ ❡  ◆❛ ❤✲
●❧❡✐❝❤❣❡✇✐❝❤  ❞❛  ✭✈❣❧✳ ●✐❜❜♦♥ ✱ ✶✾✾✼✱ ❙✳ ✶✸✻✮✳ ❉❡  ❡ ✇❛  ❡ ❡ ●❡✇✐♥♥ ❞❡   ✐ ✐✲
❦♦♥❡✉  ❛❧❡♥ ❯♥ ❡ ♥❡❤♠❡♥  ❜❡   ❣  (qj + qk) · V ❛❜③ ❣❧✐❝❤ ❞❡♥ ❞✉ ❝❤ ❞✐❡ ❦♦♥❥✉♥❦✲
 ✉ ❡❧❧❡ ▲❛❣❡ ❛♥❣❡♣❛   ❡♥ ✉  ♣  ♥❣❧✐❝❤❡♥   ❡✐ ❣❡❧❞❡ ♥ γ(W1 + W2)✳ ❉❛    ♦❜❧❡♠
❞❡  ❯♥ ❡ ♥❡❤♠❡♥  ✉♥ ❡  ❆♥♥❛❤♠❡ ❞❡  ✈♦❧❧   ♥❞✐❣❡♥ ❲❡  ❜❡✇❡ ❜  ❜❡   ❣  ❞❡♠♥❛❝❤
γ(W1 − W2) = (qj + qk) · V ✳ ❉❛ ✐♠ ●❧❡✐❝❤❣❡✇✐❝❤  ek = ej = e∗ ❣✐❧ ✱ ✇✐ ❞ ❞✐❡
◆✉❧❧❣❡✇✐♥♥❜❡❞✐♥❣✉♥❣ ✭✷✮ ③✉
V e
∗ = γ(W1 + W2)/2 ✭✶✵✮
✈❡ ❡✐♥❢❛❝❤ ✳ ■♠ ●❧❡✐❝❤❣❡✇✐❝❤  ❡♥  ♣ ✐❝❤  ❞❡  ❡ ✇❛  ❡ ❡ ❖✉ ♣✉  ❡✐♥❡  ❆ ❜❡✐ ♥❡❤♠❡  
❞❡♥ ❡ ✇❛  ❡ ❡♥ ▲♦❤♥③❛❤❧✉♥❣❡♥ ❛♥ ❞❡♥ ❆ ❜❡✐ ♥❡❤♠❡ ✳ ❙❡ ③  ♠❛♥ ●❧❡✐❝❤✉♥❣ ✭✶✵✮ ✐♥
❞❡♥ ❡ ✇❛  ❡ ❡♥ ◆✉ ③❡♥ ✭✷✮ C(e) = γ(W1 + W2)/2 ❞❡  ❆ ❜❡✐ ❡ ♥❡❤♠❡  ✱ ♠✐  P = 1
2✱




❉❡  ♦♣ ✐♠❛❧❡ ❚✉ ♥✐❡ ♣ ❡✐  ∆W ∗ ❦❛♥♥ ❞✉ ❝❤ ▼❛①✐♠✐❡ ✉♥❣ ✈♦♥ ✭✶✶✮ ❡ ♠✐  ❡❧  ✇❡ ❞❡♥
[V − C
′(e)](∂e/∂∆W
∗) = 0, i = 1,2. ✭✶✷✮
❍✐❡ ❛✉  ❢♦❧❣  ♠✐  ∂e
∂W∗  = 0  ❝❤❧✐❡ ❧✐❝❤ V = C′(e)✳ ❉✐❡  ❡♥  ♣ ✐❝❤  ✇✐❡❞❡  ❞❡♠ ❊✣✲
③✐❡♥③❦ ✐ ❡ ✐✉♠ ✒● ❡♥③♣ ♦❞✉❦  ❣❧❡✐❝❤ ● ❡♥③❦♦  ❡♥✏ ❛✉  ●❧❡✐❝❤✉♥❣ ✭✷✮✳ ❚✉ ♥✐❡ ❡  ✐♥❞
❞❡♠♥❛❝❤ ❛✉❝❤ ♠✐  ❡✐♥❡  ❍❡ ❛❜ ❡ ③✉♥❣ ♠ ❣❧✐❝❤❦❡✐  ❞❡  ❚✉ ♥✐❡ ♣ ❡✐ ❡ ❡✣③✐❡♥  ✉♥❞
 ❡ ✉❧ ✐❡ ❡♥ ✐♥ ❞❡  ❣❧❡✐❝❤❡♥ ❘❡  ♦✉ ❝❡♥❛❧❧♦❦❛ ✐♦♥ ✇✐❡ ❙  ❝❦❧ ❤♥❡✳ ❩✉ ❜❡❛❝❤ ❡♥ ✐  ✱
✶✷❞❛   ❞❛  ❊✣③✐❡♥③❦ ✐ ❡ ✐✉♠ ✉♥❛❜❤ ♥❣✐❣ ✈♦♥ ❞❡♥ ❯♠✇❡❧ ❡✐♥✢   ❡♥ γ ✐  ✳
❉✐❡ ♦♣ ✐♠❛❧❡ ❚✉ ♥✐❡ ♣ ❡✐ ❞✐✛❡ ❡♥③ ∆W ∗ ❧      ✐❝❤ ♥✉♥ ❡ ♠✐  ❡❧♥✱ ✐♥❞❡♠ V =
C′(e) ✐♥ ●❧❡✐❝❤✉♥❣ ✭✾✮ ❡✐♥❣❡ ❡ ③  ✇✐ ❞✳ ❉✐❡ ♦♣ ✐♠❛❧❡ ❚✉ ♥✐❡ ♣ ❡✐ ❞✐✛❡ ❡♥③ ❡ ❣✐❜ 






❊✐♥❡ ❍❡ ❛❜ ❡ ③✉♥❣ ✈♦♥ ❱♦   ❛♥❞ ❜❡③ ❣❡♥ ❞✉ ❝❤ ❞❡♥ ❆✉❢ ✐❝❤   ❛ ✱ ♠♦❞❡❧❧✐❡   ❞✉ ❝❤
❡✐♥ γ < 1✱ ♠    ❡ ❞❡♠♥❛❝❤ ♠✐  ❡✐♥❡  ❤ ❤❡ ❡♥ ❚✉ ♥✐❡ ♣ ❡✐ ❞✐✛❡ ❡♥③ ❦♦♠♣❡♥ ✐❡  
✇❡ ❞❡♥ ✉♠ ❞❛  ❡✛❡❦ ✐✈❡ ❆♥   ❡♥❣✉♥❣ ♥✐✈❡❛✉ ③✉ ❣❡♥❡ ✐❡ ❡♥✳
✹ ❉✐ ❦✉  ✐♦♥
◆❛❝❤ ●❧❡✐❝❤✉♥❣ ✭✽✮ ❧      ✐❝❤ ❡✐♥  ❡❞✉③✐❡  ❡  ❆ ❜❡✐  ❡✐♥ ❛ ③ ✈♦♥ ❱♦   ❛♥❞ ♠✐ ❣❧✐❡✲
❞❡ ♥ ❞✉ ❝❤ ❡✐♥❡ ❍❡ ❛❜ ❡ ③✉♥❣ ✈❡ ♠✉ ❡♥✳ ❉✐❡ ❣ ✉♥❞❧❡❣❡♥❞❡ ❆♥♥❛❤♠❡ ❞❡  ❚✉ ♥✐❡  ❤❡♦✲
 ✐❡ ❞❡  ❩✉ ❛♠♠❡♥❤❛♥❣  ✈♦♥ ❆ ❜❡✐  ❡✐♥ ❛ ③ ✉♥❞ ❚✉ ♥✐❡ ♣ ❡✐ ❞✐✛❡ ❡♥③ ✇✐ ❞ ❢♦❧❣❧✐❝❤
❛✉❝❤ ✐♠ ✈♦ ❣❡❧❡❣ ❡♥ ▼♦❞❡❧❧ ✉♥ ❡     ③ ✳ ■♥✇✐❡❢❡ ♥  ✐❝❤ ❞✐❡  ❛✉❢ ❞✐❡ ③✉ ❇❡❣✐♥♥ ❢♦ ✲
♠✉❧✐❡  ❡ ❋ ❛❣❡ ♥❛❝❤ ❞❡♥ ♠ ❣❧✐❝❤❡♥ ●  ♥❞❡♥ ✈♦♥ ❣❡  ✐❡❣❡♥❡♥ ▼❛♥❛❣❡ ✈❡ ❣  ✉♥❣❡♥
❛✉ ✇✐ ❦  ❜❡❞❛ ❢ ✇❡✐ ❡ ❡  ❉✐ ❦✉  ✐♦♥✳
◆❛❝❤ ➓ ✽✼ ❆❜ ✳ ✶ ❆❦ ● ♥✳ ❋✳ ✇✐ ❞ ③✉❞❡♠ ❡✐♥❡     ❦❡  ❧❡✐  ✉♥❣ ♦ ✐❡♥ ✐❡  ❡ ❱♦ ✲
  ❛♥❞ ✈❡ ❣  ✉♥❣ ❣❡❢♦ ❞❡  ✳ ❙♦ ❧✐❡ ❡  ✐❝❤ ♥❛❝❤ ❑♦❝❤ ❡  ❛❧✳ ✭✷✵✶✶✮ ❞✉ ❝❤ ❞❛  ❱♦   ❆●
❡✐♥ ❘ ❝❦❣❛♥❣ ❞❡  ●❡ ❛♠ ✈❡ ❣  ✉♥❣ ❛✉❢❣ ✉♥❞ ③✉♥❡❤♠❡♥❞❡  ✈❛ ✐❛❜❧❡  ❱❡ ❣  ✉♥❣ ✲
❛♥ ❡✐❧❡ ❡ ✇❛  ❡♥✳ ❊✐♥❡ ✈❛ ✐❛❜❧❡ ❱❡ ❣  ✉♥❣ ❦❛♥♥ ✐♥ ✐❤ ❡  ❍ ❤❡ ❛❜❡  ♥✉  ③✉♠ ❚❡✐❧ ✈♦♠
❱♦   ❛♥❞  ❡❧❜   ❜❡❡✐♥✢✉    ✇❡ ❞❡♥✳ ❉✐❡ ❤✐❡  ♦❢  ❣❡✇ ❤❧ ❡♥ ❆❦ ✐❡♥♦♣ ✐♦♥ ♣❧ ♥❡ ❤ ♥✲
❣❡♥ ③✉ ❡✐♥❡♠ ❣ ♦ ❡♥ ❚❡✐❧ ❛✉❝❤ ✈♦♥ ❛❧❧❣❡♠❡✐♥❡♥ ▼❛ ❦ ❡♥ ✇✐❝❦❧✉♥❣❡♥ ❛❜✱ ❞✐❡ ♥✐❝❤ 
❜❡❡✐♥✢✉    ✇❡ ❞❡♥ ❦ ♥♥❡♥✳ ❲✐❧❧ ❡✐♥ ❯♥ ❡ ♥❡❤♠❡♥ ♥✉♥ ❡✐♥❡♥ ❤ ❤❡ ❡♥ ❆♥ ❡✐❧ ✈❛ ✐❛❜❧❡ 
❱❡ ❣  ✉♥❣ ❜❡  ❛♥❞ ❡✐❧❡ ✈❡ ❡✐♥❜❛ ❡♥✱ ❡♥   ❡❤❡♥ ❞❛❞✉ ❝❤ ❢   ❞✐❡ ❱♦    ♥❞❡ ❣   ❡ ❡
❯♥ ✐❝❤❡ ❤❡✐ ❡♥  ❜❡  ❞✐❡ ❍ ❤❡ ✐❤ ❡  ❊♥ ❧♦❤♥✉♥❣ ✭❍❛❧❧ ✉♥❞ ▼✉ ♣❤②✱ ✷✵✵✷✱ ❙✳ ✶✺ ❢✳✮✳
❉❡  ❆♥ ❛ ③ ✈♦♥ ③✉♥❡❤♠❡♥❞❡♥ ✈❛ ✐❛❜❧❡♥ ❱❡ ❣  ✉♥❣ ❜❡  ❛♥❞ ❡✐❧❡♥ ❧      ✐❝❤ ❥❡❞♦❝❤
❣✉  ♠✐  ❞❡  ❍❡ ❛❜ ❡ ③✉♥❣ ♠ ❣❧✐❝❤❦❡✐  ✈❡ ❡✐♥❜❛ ❡♥✳ ❉✉ ❝❤ ❡✐♥❡     ❦❡  ❧❡✐  ✉♥❣ ♦ ✐✲
❡♥ ✐❡  ❡ ❱❡ ❣  ✉♥❣ ❦❛♥♥ ❞❡  ❆✉❢ ✐❝❤   ❛  ❞✐❡ ◆♦ ✇❡♥❞✐❣❦❡✐  ❢   ❡✐♥❡ ❍❡ ❛❜ ❡ ③✉♥❣
 ❡❞✉③✐❡ ❡♥✳ ❇❡✐ ❡✐♥❡  ❱❡  ❝❤❧❡❝❤ ❡ ✉♥❣ ❞❡  ✇✐   ❝❤❛❢ ❧✐❝❤❡♥ ▲❛❣❡ ♥❡❤♠❡♥ ❛✉❝❤ ❞✐❡
✈❛ ✐❛❜❧❡♥ ❱❡ ❣  ✉♥❣ ❜❡  ❛♥❞ ❡✐❧❡✱  ♦❢❡ ♥  ✐❡ ❣✉  ❣❡  ❛❧ ❡   ✐♥❞✱ ❛❜✳ ❉✐❡ ❆♥❣❡♠❡ ✲
 ❡♥❤❡✐  ❦❛♥♥  ♦♠✐  ③✉ ❡✐♥❡♠ ❣❡✇✐  ❡♥ ● ❛❞ ❛✉❝❤ ❞✉ ❝❤ ❡✐♥❡ ❛✉ ♦♠❛ ✐ ❝❤❡✱ ③✉✈♦ 
✈❡   ❛❣❧✐❝❤❡ ✈❡ ❡✐♥❜❛  ❡✱ ❘❡❞✉❦ ✐♦♥ ❣❡✇ ❤ ❧❡✐  ❡   ❡✐♥✳ ❉❡  ❆✉❢ ✐❝❤   ❛  ❦❛♥♥ ❢♦❧❣✲
✶✸❧✐❝❤ ❞✉ ❝❤ ❡✐♥❡ ❛✉ ❣❡✇♦❣❡♥❡ ❱❡   ❛❣ ❣❡  ❛❧ ✉♥❣ ❞❡♥  ♣  ❡ ❡♥ ♥❛❝❤   ❣❧✐❝❤❡♥ ❊✐♥❣ ✐✛
✐♥ ❞✐❡ ❱♦   ❛♥❞ ✈❡ ❣  ✉♥❣ ✈❡  ✉❝❤❡♥ ❛❜③✉✇❡♥❞❡♥✳
❉❛ ❞✐❡ ❍❡ ❛❜ ❡ ③✉♥❣ ♠ ❣❧✐❝❤❦❡✐  ❛❧ ❡  ❋❛  ✉♥❣ ❧❡❞✐❣❧✐❝❤ ❡✐♥❡ ❖♣ ✐♦♥ ❢   ❞❡♥ ❆✉❢✲
 ✐❝❤   ❛  ❞❛   ❡❧❧ ❡✱ ❦♦♥♥ ❡ ✈♦  ❊✐♥❢ ❤ ✉♥❣ ❞❡  ❱♦   ❆● ❜❡✐ ❱❡   ❛❣ ✈❡ ❤❛♥❞❧✉♥❣❡♥
✐♠ ❱♦ ❢❡❧❞ ❣❧❛✉❜❤❛❢  ✈❡  ✐❝❤❡   ✇❡ ❞❡♥✱ ❞❛   ❞✐❡ ❡ ❖♣ ✐♦♥ ♥✐❝❤  ✇❛❤ ❣❡♥♦♠♠❡♥ ✇  ✲
❞❡✳ ❇❡✐ ❞❡  ♥❡✉❡♥ ❘❡❣❡❧✉♥❣ ❦❛♥♥  ✐❝❤ ♥✉♥ ❞❡  ❆✉❢ ✐❝❤   ❛  ❞❛③✉ ❣❡③✇✉♥❣❡♥  ❡❤❡♥✱
❞✐❡ ❱❡ ❣  ✉♥❣ ❤❡ ❛❜③✉ ❡ ③❡♥✱ ✉♠ ❘❡❣ ❡  ❢♦ ❞❡ ✉♥❣❡♥ ❣❡❣❡♥ ❞❡♥ ❆✉❢ ✐❝❤   ❛  ③✉ ✈❡ ✲
♠❡✐❞❡♥✳ ❉❡  ❆✉❢ ✐❝❤   ❛   ✐❡❤   ✐❝❤ ♠✐  ❞❡  ♥❡✉❡♥ ❘❡❣❡❧✉♥❣ ❣❡✇✐  ❡ ♠❛ ❡♥  ❡❧❜  
❡✐♥❡♠ ❡ ❤ ❤ ❡♥ ❘✐ ✐❦♦ ✐♥ ❘❡❣ ❡   ❣❡♥♦♠♠❡♥ ③✉ ✇❡ ❞❡♥✱  ♦❧❧ ❡♥  ✐❡ ❡✐♥❡ ❍❡ ❛❜ ❡ ✲
③✉♥❣ ❞❡  ❇❡③ ❣❡ ✐♠ ❩✇❡✐❢❡❧ ♥✐❝❤  ✈♦ ♥❡❤♠❡♥✳ ❊✐♥❡ ✐♠ ❱♦ ❢❡❧❞ ❢♦ ♠✉❧✐❡  ❡ ❆♥❦ ♥❞✐✲
❣✉♥❣ ❞✉ ❝❤ ❞❡♥ ❆✉❢ ✐❝❤   ❛  ❞✐❡ ❇❡③ ❣❡ ♥✐❝❤  ❤❡ ❛❜ ❡ ③❡♥ ③✉ ✇♦❧❧❡♥✱   ❡❧❧  ❞❛❤❡  ❡✐♥
✉♥❣❧❛✉❜✇  ❞✐❣❡  ❱❡  ♣ ❡❝❤❡♥ ❞❛ ✳ ❊✐♥❡ ❙❡❧❜  ❜✐♥❞✉♥❣ ✐   ✐♥ ❞✐❡ ❡♠ ❋❛❧❧ ♥✐❝❤  ♠ ❣✲
❧✐❝❤✳ ❋   ❞❡♥ ❱♦   ❛♥❞ ✈♦  ✐ ③❡♥❞❡♥ ✇✐ ❞ ❞❛  ❘✐ ✐❦♦ ❞❡  ❍❡ ❛❜ ❡ ③✉♥❣  ❡✐♥❡  ❇❡③ ✲
❣❡ ❡♥  ❝❤❡✐❞✉♥❣  ❡❧❡✈❛♥ ✱ ✇❡♥♥ ❞❡  ❊✐♥  ✐   ❡✐♥❡  ❦♦♥❥✉♥❦ ✉ ❡❧❧❡♥ ❱❡  ❝❤❧❡❝❤ ❡ ✉♥❣
✈♦♥ ❞❡♠ ❱♦   ❛♥❞ ❛❧  ❤✐♥ ❡✐❝❤❡♥❞ ✇❛❤  ❝❤❡✐♥❧✐❝❤ ❡♠♣❢✉♥❞❡♥ ✇✐ ❞✳ ■   ❞✐❡  ❞❡  ❋❛❧❧
♠✉   ❡  ❞❛❤❡  ❞❛✈♦♥ ❛✉ ❣❡❤❡♥✱ ❞❛   ❜❡✐ ❡✐♥❡  ❦♦♥❥✉♥❦ ✉ ❡❧❧❡♥ ❱❡  ❝❤❧❡❝❤ ❡ ✉♥❣✱ ❞❡ 
❆✉❢ ✐❝❤   ❛  ✐♠♠❡  ❡✐♥❡ ❍❡ ❛❜ ❡ ③✉♥❣ ✈♦ ♥❡❤♠❡♥ ✇✐ ❞✱ ✉♠ ♠ ❣❧✐❝❤❡ ❘❡❣❡ ❡  ❢♦ ✲
❞❡ ✉♥❣❡♥ ❣❡❣❡♥  ✐❝❤ ③✉ ✈❡ ♠❡✐❞❡♥✳ ❉❡  ❱♦   ❛♥❞ ✈♦  ✐ ③❡♥❞❡ ❛♥ ✐③✐♣✐❡   ❛❧ ♦ ❜❡ ❡✐  
✈♦  ❱❡   ❛❣ ✉♥ ❡ ③❡✐❝❤♥✉♥❣ ❞✐❡ ▼ ❣❧✐❝❤❦❡✐  ❞❡  ❍❡ ❛❜ ❡ ③✉♥❣  ❡✐♥❡  ❇❡③ ❣❡✳ ❉✐❡ ❡
 ❜❡ ❧❡❣✉♥❣❡♥ ❦ ♥♥ ❡♥ ❞❡♥ ❱♦   ❛♥❞ ❞❛③✉ ✈❡ ❛♥❧❛  ❡♥ ❤ ❤❡ ❡ ●❡❤❛❧  ❢♦ ❞❡ ✉♥❣❡♥
③✉   ❡❧❧❡♥✳ ■♥✇✐❡❢❡ ♥ ❞✐❡   ❛   ❝❤❧✐❝❤ ❞✉ ❝❤❣❡ ❡ ③  ✇❡ ❞❡♥ ❦❛♥♥✱ ❧      ✐❝❤ ♠✐  ❞❡♠
✈♦ ❣❡❧❡❣ ❡♥ ▼♦❞❡❧❧ ❧❡✐❞❡  ♥✐❝❤  ❜❡❛♥ ✇♦  ❡♥✳ ❯♠ ❞✐❡ ❡ ❱❡ ♠✉ ✉♥❣ ③✉ ✉♥ ❡     ③❡♥
 ✐♥❞ ✇❡✐ ❡ ❡ ❆ ❜❡✐ ❡♥ ❡ ❢♦ ❞❡ ❧✐❝❤✳
✺ ❙❝❤❧✉  
❲✐❡ ③✉ ❇❡❣✐♥♥ ❞❛ ❣❡❧❡❣  ✇✐ ❞ ✐♥ ❞❡  ❚✉ ♥✐❡  ❤❡♦ ✐❡ ❡✐♥ ♣♦ ✐ ✐✈❡  ❩✉ ❛♠♠❡♥❤❛♥❣
③✇✐ ❝❤❡♥ ❊✐♥❦♦♠♠❡♥ ❞✐✛❡ ❡♥③ ✉♥❞ ❆ ❜❡✐  ❡✐♥ ❛ ③ ❡ ✇❛  ❡ ✳ ❊✐♥❡ ❘❡❞✉❦ ✐♦♥ ❞❡ 
❊✐♥❦♦♠♠❡♥ ❞✐✛❡ ❡♥③ ∆W ✈❡ ❛♥❧❛    ❆ ❜❡✐ ♥❡❤♠❡  ❢♦❧❣❧✐❝❤ ✐❤ ❡♥ ❆ ❜❡✐  ❡✐♥ ❛ ③ ③✉
 ❡❞✉③✐❡ ❡♥✳ ■♠ ✈♦ ❧✐❡❣❡♥❞❡♥ ▼♦❞❡❧❧ ✇✉ ❞❡ ❣❡③❡✐❣ ✱ ❞❛   ♥❛❝❤ ●❧❡✐❝❤✉♥❣ ✭✾✮ ❞✐❡ ❍❡ ✲
❛❜ ❡ ③✉♥❣ ♠ ❣❧✐❝❤❦❡✐  ❞❡  ❇❡③ ❣❡ ③✉ ❡✐♥❡  ❘❡❞✉❦ ✐♦♥ ❞❡  ❆ ❜❡✐  ❡✐♥ ❛ ③❡  ✈♦♥ ❱♦ ✲
   ♥❞❡♥ ❢ ❤  ✳ ■♥ ●❧❡✐❝❤✉♥❣ ✭✾✮ ✐   ③✉❞❡♠ ③✉ ❡ ❦❡♥♥❡♥✱ ✇✐❡ ❞❡  ❆ ❜❡✐  ❡✐♥ ❛ ③ ❞✉ ❝❤
❡✐♥❡ ❊ ❤ ❤✉♥❣ ✈♦♥ ∆W ✇✐❡❞❡  ❡ ❤ ❤  ✇❡ ❞❡♥ ❦❛♥♥✳ ❉❛  ▼♦❞❡❧❧ ③❡✐❣   ♦♠✐  ❝❡ ❡ ✐ 
♣❛ ✐❜✉  ❡✐♥❡ ❤ ❤❡ ❡ ❱♦   ❛♥❞ ✈❡ ❣  ✉♥❣ ❜❡✐ ❞❡  ❊①✐  ❡♥③ ❡✐♥❡  ❍❡ ❛❜ ❡ ③✉♥❣ ♠ ❣✲
✶✹❧✐❝❤❦❡✐  ❛❧  ✐♠ ❚✉ ♥✐❡ ♠♦❞❡❧❧ ♦❤♥❡ ❍❡ ❛❜ ❡ ③✉♥❣ ♠ ❣❧✐❝❤❦❡✐ ✳
◆❛❝❤ ❞❡  ❚✉ ♥✐❡  ❤❡♦ ✐❡ ✐   ✐♥ ✉♥ ✐❝❤❡ ❡♥ ▼  ❦ ❡♥ ❡✐♥❡ ❤ ❤❡ ❡ ❱♦   ❛♥❞ ✈❡ ❣ ✲
 ✉♥❣ ③✉ ❡ ✇❛  ❡♥✳ ❉❛  ❱♦   ❆● ❡ ❧❛✉❜  ③✇❛  ♥♦❝❤ ❡✐♥❡ ❉✐✛❡ ❡♥③✐❡ ✉♥❣ ❞❡   ❜❧✐✲
❝❤❡♥ ❱❡ ❣  ✉♥❣ ③✇✐ ❝❤❡♥ ✉♥ ❡  ❝❤✐❡❞❧✐❝❤❡♥ ❇ ❛♥❝❤❡♥✳ ❊✐♥❡ ❤♦❤❡ ❱❡ ❣  ✉♥❣ ❦❛♥♥
 ♦♠✐  ✇❡✐ ❡ ❤✐♥ ♠✐  ▼❛ ❦ ✉♥ ✐❝❤❡ ❤❡✐ ❡♥ ❜❡❣  ♥❞❡  ✇❡ ❞❡♥✳ ❉✐❡ ❡  ● ✉♥❞ ❛ ③ ✇✐ ❞
✐♠ ❱♦   ❆● ❛❜❡  ♥✐❝❤  ❦♦♥ ❡ ✉❡♥  ✈❡ ❢♦❧❣ ✳ ❉✐❡ ❆❜ ✐❝❤❡ ✉♥❣ ❞❡  ❱♦   ❛♥❞ ✈❡ ❣ ✲
 ✉♥❣ ♥❛❝❤ ✉♥ ❡♥ ✇✐ ❞ ❞✉ ❝❤ ❞✐❡ ❱❡  ❝❤  ❢✉♥❣ ❞❡  ❍❡ ❛❜ ❡ ③✉♥❣ ♠ ❣❧✐❝❤❦❡✐  ❞❡✉ ❧✐❝❤
❛❜❣❡ ❝❤✇ ❝❤ ✳ ❉✐❡   ♦❧❧ ❡ ❜❡✐ ❞❡  ❱❡   ❛❣ ❣❡  ❛❧ ✉♥❣ ❜❡  ❝❦ ✐❝❤ ✐❣  ✇❡ ❞❡♥✱ ✐♥❞❡♠
❡✐♥❡ ❉✐✛❡ ❡♥③✐❡ ✉♥❣ ✈♦♥ ❞✉ ❝❤ ❞❡♥ ❱♦   ❛♥❞ ③✉ ❜❡❡✐♥✢✉  ❡♥❞❡♥ ❛✉ ❡ ♦ ❞❡♥ ❧✐❝❤❡♥
❊♥ ✇✐❝❦❧✉♥❣❡♥ ✉♥❞ ❛❧❧❣❡♠❡✐♥❡♥ ▼❛ ❦ ✉♥ ✐❝❤❡ ❤❡✐ ❡♥ ✈♦ ③✉♥❡❤♠❡♥ ✐  ✳ ❇❡✐ ❡✐♥❡♠
✐♠♣❧✐③✐  ✐♠ ❱❡   ❛❣ ✈❡ ❡✐♥❜❛  ❡♥ ❤ ❤❡ ❡♥ ❘✐ ✐❦♦ ❜❡  ❡❤  ♥❛❝❤ ❞❡  ❚✉ ♥✐❡  ❤❡♦ ✐❡ ❞✐❡
◆♦ ✇❡♥❞✐❣❦❡✐ ✱ ❡✐♥❡ ❤ ❤❡ ❡ ❱❡ ❣  ✉♥❣ ③✉ ✈❡ ❡✐♥❜❛ ❡♥✱ ✇❡♥♥ ❞✐❡ ▼♦ ✐✈❛ ✐♦♥ ❛✉❢ ❞❡♠
❣❧❡✐❝❤❡♥ ◆✐✈❡❛✉ ❣❡❤❛❧ ❡♥ ✇❡ ❞❡♥  ♦❧❧✳ ❙♦♥   ✇  ❡♥ ❡✐♥❡ ❣❡ ✐♥❣❡ ❡ ▼♦ ✐✈❛ ✐♦♥ ✉♥❞
 ♦♠✐  ❛✉❝❤ ❡✐♥ ❣❡ ✐♥❣❡ ❡  ❆ ❜❡✐  ❡✐♥ ❛ ③ ❞❡  ❱♦   ❛♥❞  ③✉ ❡ ✇❛  ❡♥✳
❲✐❡  ✐❝❤ ❞✐❡ ◆❡✉❡ ✉♥❣❡♥ ❛✉❢ ❞✐❡ ❊♥ ✇✐❝❦❧✉♥❣ ❞❡  ❱♦   ❛♥❞ ✈❡ ❣  ✉♥❣ ❛✉ ✇✐ ❦❡♥
✇❡ ❞❡♥✱ ✐    ❦♦♥♦♠✐ ❝❤ ♥✐❝❤  ❡✐♥❞❡✉ ✐❣ ✉♥❞ ❤ ♥❣  ③✉❞❡♠ ❛✉❝❤ ✈♦♥ ✇❡✐ ❡ ❡♥ ❋❛❦ ♦ ❡♥
❛❜✱ ❞✐❡ ❤✐❡  ♥✐❝❤  ❜❡  ❝❦ ✐❝❤ ✐❣  ✇✉ ❞❡♥✳ ❉✉ ❝❤ ❞✐❡ ✈❡  ❝❤  ❢ ❡ ❍❡ ❛❜ ❡ ③✉♥❣ ♠ ❣✲
❧✐❝❤❦❡✐  ✇✐ ❞ ❞❡♠ ❆✉❢ ✐❝❤   ❛  ❡✐♥ ✇✐ ❦ ❛♠❡ ❡  ■♥   ✉♠❡♥  ❛♥ ❞✐❡ ❍❛♥❞ ❣❡❣❡❜❡♥✱ ❞✐❡
❇❡③ ❣❡ ❛♥ ❞✐❡ ▲❛❣❡ ❞❡  ●❡ ❡❧❧ ❝❤❛❢  ❛♥③✉♣❛  ❡♥✳ ❩✉❞❡♠ ❜❡  ❡❤  ♥✉♥ ❢   ❞❡♥ ❆✉❢✲
 ✐❝❤   ❛  ❡✐♥❡ ❣   ❡ ❡ ●❡❢❛❤  ❜❡✐ ❡✐♥❡  ❋❡❤❧❡♥  ❝❤❡✐❞✉♥❣  ❡❧❜   ✐♥ ❘❡❣ ❡   ❣❡♥♦♠♠❡♥
③✉ ✇❡ ❞❡♥✳ ❙♦♠✐  ❡♥   ❡❤  ❞✉ ❝❤ ❞❛  ●❡ ❡ ③ ❡✐♥ ❉ ✉❝❦✱ ❞✐❡ ❇❡③ ❣❡ ❤ ✉✜❣❡  ❤❡ ❛❜✲
③✉ ❡ ③❡♥✳ ❲✐ ❞ ❡✐♥❡ ❱❡  ❝❤❧❡❝❤ ❡ ✉♥❣ ❛♥ ✐③✐♣✐❡   ❦❛♥♥ ❡  ❤✐♥❣❡❣❡♥ ❞❛③✉ ❢ ❤ ❡♥✱ ❞✐❡
❇❡③ ❣❡ ③✉♥ ❝❤   ❜❡ ♦♥❞❡   ❤♦❝❤ ❛♥③✉ ❡ ③❡♥ ✉♠ ❡✐♥❡  ♣  ❡ ❡ ❍❡ ❛❜ ❡ ③✉♥❣ ❜❡ ❡✐  
✒❡✐♥③✉♣ ❡✐ ❡♥✏✳ ■♥✇✐❡❢❡ ♥ ❞✐❡ ❱♦    ♥❞❡ ✐♥ ❞❡  ▲❛❣❡  ✐♥❞ ❞✐❡ ❡ ❋♦ ❞❡ ✉♥❣❡♥ ❞❛♥♥
❛❜❡  ❛✉❝❤ ❞✉ ❝❤③✉ ❡ ③❡♥✱ ✐   ❛✉❝❤ ❡✐♥❡ ❋ ❛❣❡ ❞❡  ❱❡ ❤❛♥❞❧✉♥❣ ♠❛❝❤ ✳
▲✐ ❡ ❛ ✉ 
❇❡❝❦❡ ✱ ❇✳ ✉♥❞ ▼✳ ❍✉ ❡❧✐❞ ✭✶✾✾✷✮✿ ❚❤❡ ■♥❝❡♥ ✐✈❡ ❊✛❡❝   ♦❢ ❚♦✉ ♥❛♠❡♥  ❈♦♠♣❡♥ ❛✲
 ✐♦♥ ❙②  ❡♠ ✳ ❆❞♠✐♥✐   ❛ ✐✈❡ ❙❝✐❡♥❝❡ ◗✉❛  ❡ ❧② ✱ ✸✼✭✷✮✿✸✸✻✕✸✺✵✳
❇✉❧❧✱ ❈✳❀ ❆✳ ❙❝❤♦  ❡  ✉♥❞ ❑✳ ❲❡✐❣❡❧  ✭✶✾✽✼✮✿ ❚♦✉ ♥❛♠❡♥   ❛♥❞  ✐❡❝❡ ❘❛ ❡ ✿ ❆♥
❊①♣❡ ✐♠❡♥ ❛❧ ❙ ✉❞②✳ ❏♦✉ ♥❛❧ ♦❢  ♦❧✐ ✐❝❛❧ ❊❝♦♥♦♠② ✱ ✾✺✭✶✮✿✶✕✸✸✳
✶✺❊❤ ❡♥❜❡ ❣✱ ❘✳ ✉♥❞ ▼✳ ❇♦❣♥❛♥♥♦ ✭✶✾✾✵❛✮✿ ❉♦ ❚♦✉ ♥❛♠❡♥   ❍❛✈❡ ■♥❝❡♥ ✐✈❡ ❊✛❡❝  ❄
❏♦✉ ♥❛❧ ♦❢  ♦❧✐ ✐❝❛❧ ❊❝♦♥♦♠② ✱ ✾✽✭✻✮✿✶✸✵✼✕✶✸✷✹✳
❊❤ ❡♥❜❡ ❣✱ ❘✳ ✉♥❞ ▼✳ ❇♦❣♥❛♥♥♦ ✭✶✾✾✵❜✮✿ ❚❤❡ ■♥❝❡♥ ✐✈❡ ❊✛❡❝   ♦❢ ❚♦✉ ♥❛♠❡♥  
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❋ ✐❝❦✱ ❇✳❀ ❖✳ ●   ❧❡  ✉♥❞ ❏✳   ✐♥③ ✭✷✵✵✽✮✿ ❆♥ ❡✐③❡ ✐♥ ❚✉ ♥✐❡ ❡♥ ♠✐  ❤❡ ❡ ♦❣❡♥❡♥ ❚❡✐❧✲
♥❡❤♠❡ ♥ ✲ ❊✐♥❡ ❡♠♣✐ ✐ ❝❤❡ ❯♥ ❡  ✉❝❤✉♥❣ ♠✐  ❉❛ ❡♥ ❛✉  ❞❡  ❋✉ ❜❛❧❧✲❇✉♥❞❡ ❧✐❣❛✳
❙❝❤♠❛❧❡♥❜❛❝❤  ❩❡✐  ❝❤ ✐❢  ❢   ❜❡  ✐❡❜ ✇✐   ❝❤❛❢ ❧✐❝❤❡ ❋♦  ❝❤✉♥❣ ✱ ✻✵✿✸✽✺✕✹✵✺✳
❋ ✐❝❦✱ ❇✳ ✉♥❞ ❘✳ ❑❧❛❡ ❡♥ ✭✶✾✾✼✮✿ ❉✐❡ ❆♥ ❡✐③✇✐ ❦✉♥❣❡♥ ❧❡✐  ✉♥❣ ❛❜❤ ♥❣✐❣❡  ❊♥ ❣❡❧ ❡
✲ ❚❤❡♦ ❡ ✐ ❝❤❡  ❜❡ ❧❡❣✉♥❣❡♥ ✉♥❞ ❡♠♣✐ ✐ ❝❤❡ ❇❡❢✉♥❞❡ ❛✉  ❞❡♠ ❇❡ ❡✐❝❤ ❞❡  ♣ ♦✲
❢❡  ✐♦♥❡❧❧❡♥ ❙♣♦   ✳ ❩❡✐  ❝❤ ✐❢  ❢   ❇❡  ✐❡❜ ✇✐   ❝❤❛❢  ✱ ✻✼✿✶✶✶✼✕✶✶✸✽✳
●❡ ✉♠✱ ❊✳ ✭✷✵✵✼✮✿ ❉❛  ❞❡✉  ❝❤❡ ❈♦ ♣♦ ❛ ❡ ●♦✈❡ ♥❛♥❝❡✲❙②  ❡♠ ✳ ❙❝❤ ✛❡ ✲ ♦❡ ❝❤❡❧✱
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●✐❜❜♦♥ ✱ ❘♦❜❡   ✭✶✾✾✼✮✿ ❆♥ ■♥  ♦❞✉❝ ✐♦♥  ♦ ❆♣♣❧✐❝❛❜❧❡ ●❛♠❡ ❚❤❡♦ ②✳ ❚❤❡ ❏♦✉ ♥❛❧
♦❢ ❊❝♦♥♦♠✐❝  ❡  ♣❡❝ ✐✈❡ ✱ ✶✶✭✶✮✿✶✷✼✕✶✹✾✳
● ❡❡♥✱ ❏✳ ✉♥❞ ◆✳ ❙ ♦❦❡② ✭✶✾✽✸✮✿ ❆ ❈♦♠♣❛ ✐ ♦♥ ♦❢ ❚♦✉ ♥❛♠❡♥   ❛♥❞ ❈♦♥  ❛❝  ✳
❏♦✉ ♥❛❧ ♦❢  ♦❧✐ ✐❝❛❧ ❊❝♦♥♦♠② ✱ ✾✶✭✸✮✿✸✹✾✕✸✻✹✳
❍❛❛❣✱ ▼❛ ❝❡❧❧ ✭✷✵✶✶✮✿ ❙ ✉❞✐❡ ③✉ ▼❛♥❛❣❡ ✲●❡❤ ❧ ❡ ♥ ✲ ❚♦♣✲❱❡ ❞✐❡♥❡  ❦❛  ✐❡ ❡♥ ❞✐❡
❤ ❝❤  ❡♥ ❇♦♥✐✳ ❋✐♥❛♥❝✐❛❧ ❚✐♠❡  ❉❡✉  ❝❤❧❛♥❞ ✳ ✸✶✳✵✺✳✷✵✶✶✳
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